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EXECUTIVE SUMMARY

PURPOSE AND APPROACH

The Exposure Assessment Team (herein referred to as the “ Team”) was charged with conducting
aprdiminary study at the Paducah Gaseous Diffusion Plant (PGDP) to define the radiologica
issues, the categories of workers that may have had increased potentid for radiation exposure, the
locations and processes where increased exposures may have occurred, and, where possible,
provide some reasonable estimates of radiation exposures to the worker groups. While al types
of possible radiation exposures were consdered, particular attention was given to potentia
exposures to the transuranic e ements (TRU), neptunium and plutonium. Dosmetric informeation

on worker exposures to the transuranics was particularly meager.

LIMITATIONSAND CAVEATS

The information and data used in this report were obtained from readily available documentation
and from an dectronic database of worker exposures. The eectronic datawas used in the initia
identification of generd worker groups and categories that may have been at increased potentia
risk for radiologica exposures. There are notable limitations to the data. Analysis based on these
data should therefore be consdered preiminary and unverified. Lifetime doses for workers who
received internd radiation exposures prior to 1989 were not included in the data. The eectronic
database containing worker exposure records had not undergone aquality control evauation, and
has not been verified againg the origina written documents. The Team notes a number of
instances where the data in the eectronic database are not consstent with origina documents and
it does not encompass dl dosmetry records over the history of the operation of the plant. In
particular, the eectronic database contains no transuranic urinalyss results prior to 1989.

The Team recommends the conduct of a quality assurance/quality control (QA/QC) check of the
electronic databases used for thisreport. This QA/QC check should compare the databases with
the origind, hard copy worker radiation exposure records to better determine the overdl accuracy
of the database and implications to the outcome and conclusions of this report.

Plant records, reports, memorandums, and other written documents including reports in the media
were also used to develop thisreport. The Team critically assessed many of the early reports,
memos and prior sudies done at the plant. There were, however, many gapsin the written
records. For example, hedth physics monthly reports from the early 1950's and many in the
1960's and 1970's were not obtained. The recorded recollections of the workers (worker
transcripts) were particularly important in the development of worker radiation exposure profiles
and exposure scenarios and in assigning generd risk categories to the worker groups.

The Team made preiminary assessments of potentid internal exposures in aress identified as
having significant transuranic source terms. The assessments are based upon available area air

Vii
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monitoring results and the conservative assumption that no respiratory protection was used. This
was an “exposure assessment” and not an “exposure or dose recongruction.” The limited PGDP
jobltask/area exposure assessments provided in this report are indicative of potential exposures
only and should not be construed to represent an actua exposure to any individua worker.

The Team recognizes that radiation exposures to some of the workers were likely "missed” for a
variety of reasonsthat include: lack of documentation; failure to monitor or adequately detect the
exposure; lack of sengtivity of the technique to assess smdler doses; or fallure to recognize a
radiologica hazard. The Team fedsthat a this time there is inadequate verified information to
quantitatively assess these "missed doses' for the plant-wide population of the workers.
However, a quditative recognition of theseissuesis congdered in this report.

Findly, the Team only had avery limited time frame with limited resources to perform thisinitid
evauation. New documentation and new information were received even as the report was being
findized and dl information, some of it potentialy important, could not be reviewed and included
inthisreport. For this reason, this report must be consdered as a " preliminary” document.

This report classfies the potentials for increased radiation exposure as “low”, “moderate’, and
“high.” These classfications are based on perceived hazard by the team and only indicate relative
hazard, not necessarily any quantitative hazard (i.e. a“high” potentia does not imply a*“high”
dose).

As noted earlier, this report is based upon available interviews and documentation. When
assumptions were made or models adopted to support the exposure assessment process, they were
S0 Stated in the report.

PGDP RADIOLOGICAL CONTROL PROGRAM

Recent reviews of the PGDP were conducted and were published as the "Phase " [1] and "Phase
11" reports[2]. The Phase Il report [2] noted that the health and safety programs, athough
minimaly staffed throughout much of PGDP s history, were dwaysin place. Line supervisors

and not the hedlth physics personnel were responsible for implementing and monitoring industria
and radiation safety programs for the workers. Also, it was noted [2] that the programs were not
based on the concept of keeping worker exposures As Low As Reasonably Achievable (ALARA).
The DOE Phase |l report noted, “In the early years of the plant, many of the potentia radiologica
hazards were ether not recognized or not fully appreciated.”

Persond externd radiation monitoring (using film badges and later thermoluminescent dosmeters
(TLDs)) and an in vitro bioassay program (primarily focused on measuring levels of uraniumin
the urine) were in place from the beginning of plant operations. In the early years (1953-1960), it
is apparent that these programs focused on those workers believed to have the greatest potential
for increased radiation exposures. After 1961, the programs were expanded to include most
workers. In addition to the dosimetry programs, air sampling was performed in most process
buildings. The methods included fixed- head area air sampling aong with some spot air sampling
of specific jobs.

viii
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The team reviewed limited information pertaining to work conditions in the plant over time.
Specificaly, past hedlth physics and hygiene reports, hedth physics ingpection reports, and

worker interviews were useful in getting a better description of work conditions. Additiondly,

the DOE Phase |1 report [2] provided a description of work conditions over time at the PGDP.
The contamination control program was consdered by the Phase 1 report to be "ineffective’
through the mid 1980's[2]. Reports of extensve contamination in lunchroom areas [3/4],

workers covered with black soot subsequent to ash handling operations[5], C-410 floors routingly
covered with visible green powder [3,6], and surveysindicating €l evated concentrations of
transuranicsin dmost al process buildings [7,8] illustrate some of the inadequacies of the
contamination control programs.

Personnel protection equipment was available, but some workers report that this equipment was
not aways used or when used, not always used appropriately [2]. Reports from workers along
with information from hedlth physics inspection reports indicate that respirator use was a best
“inconsstent” and often consdered “voluntary”[2].  Additionaly, there were reports that
frequently, contamination levels found on workers persond clothing were above release limits
[2].

RADIOLOGICAL HAZARDSAT THE PGDP % EXTERNAL EXPOSURES

In general, the workers with increased potentid for externd radiation exposures (e.g., gammarays
and beta particles) were performing tasks or were in locations where they could potentialy
receive increased internd radiation exposures (e.g., inhdation of uranium, plutonium and
neptunium). In generd, externd radiation exposures were monitored using methods appropriate
for thetime, dthough in the early years of the plant, some worker groups may not have been
monitored and/or were not recognized asbeing at risk. From 1952 through 1960 approximately
200 to 500 workers were monitored for externa radiation exposure. In 1961, the program was
broadened and all workers (gpproximately 1700) were monitored. Dosimetry results obtained
after the program expansion show that previousy unmonitored groups of workers might have
received "missed doses' during the early years of plant operations. The monitoring methods
included the use of film badges and later TLD badges. Some workers stated that some higher
badge readings were assumed to be invalid and were thus discarded.

Based on exposure records in the database, worker interviews and health physics and inspection
reports, it is estimated that approximately 2,500 to 4,000 workers worked in areas with
“moderate’ to “high” potentia for increased internd and externa radiation exposures. Thisis
based on ardative ranking of the potentiad of radiation exposures at the PGDP. These areas
included the Feed Plant (C-410/420), Decontamination Building (C-400), Metds Building
(C-340), and the Cascade Buildings (C-331, C-333, C-335, and C-337). Primary Departments
identified included: Process Operators, Chemica Operators, Maintenance Mechanics, Instrument
Mechanics, and Electricians. The Team identified some hardcopy exposure data that was elther
incongstent with or not included in the unverified eectronic database,

From the written and electronic records, it is apparent that there was a potentia for increased
externd radiation exposures in Buildings C-410/420, C-400, C-340 and C-720. Although only
one exposure record in excess of 5 rem in a caendar year was identified in the provided dectronic
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database, these data indicate that there were approximately 200 individuas, who received in
excess of 1 rem externa exposurein any one caendar year. The Hedlth Physics reports so
document that many workers exceeded the weekly plant action level of 300 mrem/week, but
suggested that workers were kept below the annua regulatory limits by rotation of duties and
limitations on dtay timein higher exposure aress.

RADIoLoOGICAL HAZARDS AT THE PGDP 34 INTERNAL EXPOSURES

Theinternd dosmetry program at the Paducah plant primarily focused on routine uranium
urinaysis and for the most part, interna exposure to uranium was consdered to be a chemica
rather than radiologicd hazard. A 1960 memorandum did raise issues reating to neptunium
exposures and stated that there were “possibly 300 people a Paducah who should be checked out
[for neptunium exposures]”. The memo aso Sated "they hesitate to proceed to intensive studies
because of the union’s use of this as an excuse for hazard pay.”[9]. Early Hedth Physicsand
Hygiene reports indicate some limited in vitro bioassay monitoring for neptunium and plutonium
exposures as early as 1959 [10]; however, the provided database contained no urinalysis results
for these isotopes prior to 1989. No routine in vitro monitoring for neptunium was gpparent prior
to 1989.

Some in vivo monitoring (lung and whole body counting for uranium and neptunium-237) was
performed. The eectronic database included records from 1969 forward, athough it is apparent
that earlier paper records exist. The Team questions whether some of the early methods used in
these studies were sensitive enough to detect Sgnificant internd depositions of radioactive
materiadsin workers. It should be noted that historic documents indicated concern regarding
exposures to other radionuclides (technetium, ruthenium, etc.) [11,12], however there was
inadequate information available to assess these potentia exposures.

There were anumber of discrepancies and incongstencies noted in the uranium urindyss

program data that were available to the Team. For example, within health physics reports there
were severd documented incidents (from 1950- 1986) where elevated urine results were reported,
but these results were not included within the eectronic database. Additiondly, some workers
reported practices regarding the implementation of the urinalys's program that may have been
incongistent with procedures of the time and may have resulted in undetected intakes of
radioactive materias. Nonetheless, the urinalysis database was used adong with Hedth Physics
summaries, and worker interviews to help identify departments that had greeter potentid of

having internal radiation exposures.

Based on |CRP methodologies and severd sets of generdly conservative assumptions, some
internal dose estimates for neptunium-237, plutonium-239, thorium-230 and uranium were made
for selected jobs. The dose estimates were made based on available historica gross dphaair
sampling data along with estimates of the radionuclide percentages characterigtic of certain
operations. Internal dose estimates were only calculated for operations identified as having an
increased potentid for transuranic exposures and for which areaair sampling data were available.
Surveys, performed as recently as 1991, indicate transuranic materials in many of the process
buildings a the ste. Thisraisesthe posshility that other groups of workers may have been
exposed to these materias.
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It was determined that some workers could have had internd radiation exposures that may have
exceeded regulatory limits. This may include on the order of 10% of the 2,500 to 4,000 workers
with the potentia for increased radiation exposures. Some of the areas where workers were more
likely to have had increased internal radiation exposures included C-400, C-410/420, C-340, C-
720 Converter Shop and Cascade Maintenance. As noted above, these areas were generally the
same as those areas with the potential for increased external radiation exposures.

POTENTIAL DIRECTIONS FOR FUTURE WORK

The Team particularly encourages a verification of the eectronic database againgt available
origind, hard copy dosimetry records. In addition, verification of both the accuracy and the
completeness of the database would be essentid prior to any attempt to further assessindividud
worker exposures.

Internd radiation dose estimates based on available air sampling results and assumptions
regarding radionuclide percentages are presented in this report. To ascertain that these
cdculations are reasonable, it is recommended that available pre- 1989 transuranic and thorium
bioassay monitoring records be obtained and depending on the adequacy of these data, doses be
caculated.

Further, the Team notes that there have been many advances in retrospective dosmetry
techniques that may be useful in determining past radiation exposures. These include, but are not
limited to, bioassay methods such asfisson track andysis (FTA), thermd ionization mass
spectroscopy (TIMS), accelerator mass spectroscopy (AMS) and inductively coupled plasma
mass spectroscopy (ICP-MS); whole body counting techniques and molecular methods, such as
fluorescence in situ hybridization (FISH) and eectron paramagnetic resonance (EPR) methods,
using tooth enamd for estimating total body lifetime externa exposures. The team recommends
that afeagbility sudy of these techniques, including an assessment of the currert capabilities and
the applicability of these methods for purposes of retrospective dose assessment at the PGDP site,
be conducted. The strengths and limitations of these techniques must be considered prior to their
goplication and use for any future dose exposure assessment and/or dose reconstruction.
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1.0 INTRODUCTION

Synopsis % Due to concerns about the present and historical worker health and safety programs
at the Paducah Gaseous Diffusion Plant (PGDP), the Team was commissioned to perform a
preliminary evaluation of the historical potentials for worker radiation exposure and numbers of
workers that may have had the potential to be exposed. Previously, a DOE Headquarters Office
of Oversight team had issued a report of the historical safety conditions at the PGDP, the so-
called "Phase Il Report”. Of particular interest to the Team were the issues relating to the
transuranium elements (also called "transuranics’ or TRUs), mostly isotopes of neptunium (Np)
and plutonium (Pu). The general scope of the study conducted by the Team was to define the
radiological issues, the categories of workers that may have had increased potential for radiation
exposure, the locations and processes wher e increased exposures may have occurred, and, where
possible, provide some reasonable upper and lower boundaries of radiation exposuresto the
worker groups. The team was also charged with evaluating the feasibility of conducting new
analyses, including bioassays and radioassays.

The data presented in this report is considered preliminary in nature. Due to time constraints,
data used during this assessment came from only readily available sources and much of the
information used has not been verified against original records. The dosimetric information in
particular should be viewed as preliminary and will certainly change as more information is
obtained. Additionally, dose information was not collected for any individual workers, only
groups of workers by occupation, location or "department”.

Given the quality of the worker radiation dose data that was available, and the time and
resources for this study, it was only feasible to group quantities related to worker radiation doses
by selected occupations, locations or “ departments.” No attempt to calculate individual wor ker
lifetime radiation doses was made. Given the uncertainty in currently available worker radiation
dose data, extrapolation of this limited information to estimate the risk of possible health impacts
to workers was felt to be premature at thistime. The purpose of this study was to determine a
range of possible numbers of workers, types and locations of work and the possible radiation
dose from the introduction of recycled uranium into the feedstock that was shipped to Paducah
for processing. Thisreport satisfies its stated purpose. Workers may wish to participate in the
recently approved Title XXXVI —* Energy Employees Occupational 11lness Compensation
Program” to determine if any adver se health impacts, from their work at Paducah, are job
related and compensable. Those workersinterested in the Compensation Program should call,
toll free, (877) 447-9756.

1.1 Background

During 1999 there was a growing public awareness and concern about present and historical
environmental, safety and worker hedth issues at the Paducah Gaseous Diffuson Plant (PGDP).
In response to these dlegations, the Secretary of Energy initiated an investigation a the PGDP.
The radiological issuesincluded possible inadequate radiation controls for worker exposures, the
presence of transuranic materias (those éements with atomic numbers gregter than uranium) in
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concentrations greeter than previoudy thought, and the falure to adequately inform the workers
of the potentia hazards. Of particular concern was the presence of transuranic (TRU) materids
that included neptunium and plutonium.

Theinitid DOE investigation reviewed operations at the plant from about 1990 to the present. A
report was issued in October, 1999 ("Phase I") which identified a number of current environment,
safety and hedlth issues at the plant that are under the auspices of the DOE [1]. Thisreview was
followed by amore detalled investigation of historical operations. The results of this
investigation were published as the "Phase 11" report [2]. The issues addressed in the Phase 1
report include historical operations, activities, workplace conditions and hazards at the plant. A
number of workers were dso interviewed to assess their concerns, and their understanding and
knowledge of higtorica plant operations and hazards. The Phase |1 report also includes areview
of some of the management practices relating to regulatory controls and standardsin place over
time, and identified a number of radiologica issues related to worker radiation exposure that will
be reviewed in greater detail in this report.

Concurrent with the commissioning of the investigation teams, other teams were assembled or
programs augmented. The medicad surveillance program that had been established prior to
August 1999 was further supported and is to continue to evauate and monitor worker health
effects & PGDP and other gaseous diffusion plants including Portsmouth and the Oak Ridge K-25
Gaseous Diffuson Plant. This program is being conducted by the Paper, Allied-Indugtrid,
Chemica and Energy Workers International Union (PACE), Queens College, and Crestive
Pollution Solutions, Inc. (CPS).

The Team responsible for the present report was assembled in January 2000 and included the
Universty of Utah, PACE Internationa Union, and CPS as participating members. The members
and participating indtitutions of the Team may be found in Appendix A. A liging of the
abbreviations and acronyms used in this report is found in Appendix B.

1.2 Scope and Approach of Assessment Project

The Team, which includes members from the University of Utah, PACE Internationa Union, and
CPS, was charged with the following generd tasks:

a) Collect, evauate, review and index relevant historical and contemporary documents relaing
to radiation exposures at the Paducah Gaseous Diffusion Plant (PGDP). The documents that
were used in thisreport are included in the bibliography.

b) Identify radiologica issuesthat may affect or have affected worker hedlth and safety. This
information has come from recollections of current and former employees, plant and union
personndl, plant design, production, process and Sites eval uations, occupations and duties and
processes. The team has aso eva uated the eectronic archive of exposure records to help
identify the numbers, occupations and types and magnitudes of radiation exposures.




Exposure Assessment Project at the Paducah Introduction
Gaseous Diffusion Plant

c) Identify, retrieve and evauate radiologica records and in vivo and in vitro bioassay results.
Plant records were used in this report to identify areas, locations, occupations and/or worker
groups who may have had the potentia for increased radiation exposures.

d) Evduate the feashbility of conducting a bioassay program. The feashility of conducting a
bioassay program to establish with a reasonable certainty the body burden of plutonium and
perhaps- other nuclides in workers was considered. Technologies useful in such bioassays are
summarized.

€) Evaduate the feagbility of conducting radioassays of resdud materids.  In the event that
suitable materids were identified and became avallable, the feasibility of performing
radioassays on these materials was to be evaluated.

f) Develop occupationd exposure profiles.  From the data and information generated from the
other Tasks, exposure profiles and scenarios were cregted that would provide redistic and
scientifically defensible worker radiation exposure ranges aong with the numbers of
potentialy exposed workers for the identified areas or work groups with the potentia for
increased radiation exposure a the PGDP. The limitations and assumptions used in the
development of these potentia exposure profiles are presented.

The Team is composed of avariety of members with rather broad radiological and radiobiologica
expertise. The Team agreed with the philosophy to approach this assessment project usng a
contemporary scientific approach that includes thorough review and documentation of findings,
critique and discussion, and a healthy skepticism of the data.

1.3 Data Considerations and Caveats

The Paducah Gaseous Diffusion Plant has been in operation since the early 1950's. To locate and
review the historical and contemporary documents associated with the operation of the plantisa
daunting task. Many of the documents that were obtained were not written to address a saentific
audience; rather they were produced for managerid purposes. Thus, the lack of scientific and
technica detall in many of the historic documents contributed to the chalenge. Citations are
provided in the current document, and the bibliography represents the documents and information
that were available a the time. The Team did not review classfied data. Some of the processes,
procedures, and equipment remain classified and thus could not be fully evaluated.

All of the dosmetric information was obtained from the various available e ectronic databases or
reports and these data have not been verified with the original hard copy records. A 1991 memo
from Martin Marietta Energy Systems to ORAU [13] satesthat “ORNL has been reassessing
many previous interna exposuresin light of the current DOE Order and has found that data stored
on the history tapes provided to ORAU may be inadequate for dose assessment. Use of the
origina hard copies of bioassay results was found to be necessary.” The memo went on to state
that “ data stored on the history tapes prior to 1989, particularly those associated with interna
exposures, were for compliance purposes only and may not be sufficient for dose assessment.”
The Team confirmed that some origind data were either missing or inconsstent with the provided
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electronic database. Additiondly, there were reported statements from several workers
chalenging the validity of some of the dosimetry records [14].

The Team recommends that QA/QC checks on the eectronic database be performed to dlow for a
more comprehensive assessment of the radiation exposed worker population or cohort. This
database was used by the Team but with the common understanding thet this record is not

complete and contains many omissions and inaccuracies. The database has not undergone any
qudity control (QC) or quaity assurance (QA) evauations and has not been checked againg the
origina paper records. A QA/QC check of these worker radiation exposure e ectronic databases
isto be conducted as part of the exposure assessments at the other gaseous diffusion plantsin the

Department

There are anumber of reasons why exposures may have been "missed”’. Some of these include
the lack of documentation for an exposure, the failure to monitor or adequately detect the
exposure, the lack of sengtivity of the technique being used and the failure to recognize the
radiologica hazard. From the worker interviews, it was apparent that many or al of these might
have occurred. Various scenarios can be constructed to estimate "missed doses’, but the Team
fedsthat a this point thereisinsufficient verified data or information to quantify these "missed
doses' in ascientificaly defensble manner. However, quaitative evauation of these issues and
their relative impact on exposures can be performed.

Of primary importancein this evauation are the potentia exposuresto and risks from the
transuranics (TRUs), particularly neptunium and plutonium. It is now known that these eements
were present in the plant, often concentrated in some processes and plant locations. The data
made available to the Team on the actud concentrations of the transuranics in the process or at
plant locationsis meager. Early Health Physics reports indicated that limited bioassay monitoring
for neptunium and plutonium was performed [10], however, the eectronic database provided to
the Team contained no urindysis results for either plutonium or neptunium prior to 1989.
Thorium-230 may aso be a sgnificant, but previoudy inadequately assessed, source of interna
exposure. There have been few direct measurements of these materiasin any of the workers and
thus the estimation and calculation of potentid exposures and doses are considered preliminary
and have consderable uncertainty.

The Team aso recognizes that there were a number of potential sources of radiation exposure a
the plant or in materias that were brought to the plant. This report does not encompass all
possible sources of exposures, types of exposures, locations of the potentid radiologica exposure,
and worker exposure scenarios. Some of the types of exposures that have not been extensively
assessad to date include neutron sources, fisson products other than technetium, uranium

daughter products and thorium.

1.4 Report Structure

The body of this report contains the genera narrative that includes approaches, methods,
limitations, results and conclusions. With each mgor chapter, a synopsis or abstract isincluded.
The document dso contains references that are listed in a bibliography. The gppendices contain a




Exposure Assessment Project at the Paducah Introduction
Gaseous Diffusion Plant

lexicon of abbreviations and genera terms used in the report, alist of building numbers, and other
more detailed scientific and technica information and overviews.




Introduction Exposure Assessment Project at the Paducah
Gaseous Diffusion Plant




Exposure Assessment Project at the Paducah Introduction to Radiological Hazards
Gaseous Diffusion Plant in the Industrial Setting

2.0 INTRODUCTION TO RADIOLOGICAL HAZARDSIN THE
INDUSTRIAL SETTING

Synopsis % Radiation may exist in a variety of industrial, occupational and environmental
settings. lonizing radiation can cause damage in biological systems, which may lead to cellular,
tissue or organ changes and diseases. Some of the types of radiation include alpha particles (e.g.
from 23°Pu and 2*’Np), beta particles (e.g. from *H and **Tc), gamma rays (e.g. from uranium
daughters) and neutrons (e.g. from alpha interactions with elements such as fluorine in UFs).
The energy of the radiation transferred to another material (e.g. air, biological tissues) can be
measured. These measurements are called "dosimetry”. For regulatory purposes, radiation
doses are expressed asto "normalize" the relative risk of biological damage that the different
types of radiation produce and to also express this over a number of years that a worker may
have been exposed to a particular radiation. Thus, the unit "committed dose equivalent” is used
for organ or tissue dose, reflecting the organ dose that may accumulate during the 50 years after
an uptake and the unit “ committed effective dose equivalent” is used to enable the summation of
internal and external doses of similar biological risk.

Biological effects of radiation are usually divided into 2 major categories. The effectsthat are
predictable and are a function of dose are called "non-stochastic" or “ deterministic” effects.
These are usually seen with higher doses of radiation. Of greater interest in this assessment, are
the lower dose effects that may or may not be observed, called "stochastic" effects - are those
that may occur by chance. Stochastic effects (e.g. radiation induced cancers), when observed, are
those resulting from lower doses received over longer periods of time.

2.1 Typesof Radiation

Radiation may exist in anumber of indudrid, research and even environmenta settings.
Radiation is defined as the process by which energy is emitted or propagated through space as
particles or waves. Theterm "ionizing" radiation is used when the energy of the particle or wave
is sufficient to interact with matter in such away as to remove eectrons from atoms or bresk
molecular bonds. The various types of waves and particles that might be encountered in an
indudtria setting, such as a gaseous diffusion plant are presented briefly.

The nucleus of an atom that has excess energy can release that energy through a process cdled
"radioactivedecay" - thus materias that emit particle and/or wave radiation are termed
"radioactive’. Nuclides (pecies of atoms characterized by the condtituents of their nucleus, eg.,
gtable hydrogen and tritium are the same element, but different nuclides) that are radioactive are
caled radionuclides. Radionuclides of the same chemical eement, but with different masses, are
called "isotopes’. For example, plutonium has severa isotopes of varying masses, including
238py, 239py, 299y, and 2*Pu. The most common forms of radioactive decay are given below.
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211 AlphaDecay

Radionuclides of many heavy dements (e.g. uranium, thorium, plutonium, and neptunium) decay
by the emisson of an "dphaparticle’. Andphaparticleisthe same asthe nucleus of ahdium
atom, congisting of 2 protons and 2 neutrons bound together such that they behave asasingle,
unified particle. Because it isafarly massve particle, in atomic terms, has an eectronic charge

of +2 and travels a ardatively low velocity, it readily interacts with norma matter producing a
large number of ionizations over a very short distance before stopping. For example, in biologica
tissues an dpha particle from 2*°*Pu might only travel up to 100 um, or one-tenth of amillimeter.
Because dpha particles can cause a high density of ionizations, it can cause sgnificant biologicd
damage over this short range. However, unless dpha-emitting radionuclides can get indgde the
body through inhaation or ingestion, the hazardous effects of dpharadiation in the workplace are
negligible, since they are unable to penetrate the outer dead layer of skin.

Examplesof isotopes that emit an apha particle include 23°U, 228U, 2%°Pu and 2*'Np.
2.1.2 Beta Decay

Beta particles are high- gpeed dectrons emitted from the nucleus of an ungtable atom with usudly
less energy than dpha particles. The gected dectron is the same as any other eectron, but is
caled a"beta’ particle becauseit is emitted from the nucleus. Beta particles have arange of
energies and may travel up to severd metersin theair, but only severd millimetersin biologica
tissues. Because beta particles have less charge and mass than dpha particles, there are fewer
interactions (ionizations) with biological tissues. Thus beta particles when incorporated into
biologicd systems (e.g. inhaation of aradionuclide) are generdly considered less hazardous than
aphaparticlesin many, but not al, practical situations. In the workplace, however, higher energy
beta particles are able to penetrate the outer, dead layers of the skin, depositing their energy in
living tissues. Since most of the vital organs of the body are deeper, they are unaffected by beta
irradiation from externa sources.

Examples of isotopes that emit a beta particle include *H (tritium), daughter products of the decay
of uranium, and *°Tc.

2.1.3 Gamma Ray Emissons

The emisson of gammaraysto carry avay excess energy from an unstable nucleus is often, but
not dways, accompanied Smultaneoudy with the emisson of particle radiaion (eg. dphaand
beta particles). Gammarays are Smilar to X-rays, but are a higher frequency — thus more
energetic — form of eectromagnetic radiation. The technicd difference between gammarays and
X-raysisthat the former are emitted from the nucleus of the atlom while X-rays are emitted from
the inner dectron shdlls enairding the nucleus. Gammarays can travel for some distance in air
and are highly penetrating in biological systems — more so than alphaor beta particles. When
gammarays pass through biologica tissues, ionizations and excitations can occur that may have
some biological consequences. Because of their high degree of penetration, gammarays can
present an equivaent radiation hazard either externd or internd to the body.
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Examples of isotopes that emit agamma ray include radionuclides resulting from the apha decay
of 28U and **°Np.

2.1.4 Neutrons

Neutrons are uncharged, highly penetrating particles that are one of the basic components of the
nucleus of an alom. They have essentidly the same atomic mass as a proton. Neutron emissons
are usudly produced from nuclear fisson reactions. That is, when the nucleusis split in two.
Some of the transuranium eements (those heavier than uranium) can undergo spontaneous fisson
and produce neutrons. Neutrons can dso bereleased in a(a ,n) reaction. Thisisanuclear reaction
where an dpha particle interacts with an element generating a second e ement and a neutron.
Some examples are:

9 4 12, 1

Bet+,a® [C+/n

§F+a® e+

Thelater fluorine (F) reaction above is of interest due to the neutrons that may be produced from
the interaction of dpha particles emitted from uranium with the fluorine in the various uranium
compounds used a PGDP (e.g., uranium tetrafluoride (UF4), and uranium hexafluoride (UFe)).

Neutrons interact with matter in a different way than apha, beta, or gammaradiation, and move
quite fredy through matter. So aradiation hazard may exist rdaively far from the source.
Neutrons can easly penetrate deep into the body, and depending on the energy of the neutrons,
the hazards to biologica systems can be more significant.

2.2 Measuresof Radiation " Dose" in Biological Systems

Radiation of biologicd interest isionizing radiaion, and the "quantity” can be measured (in ar)
based on the number of ionizations produced. Such measurements are expressed in units of
exposure caled Roentgens (R). Asionizing radiation passes through biologica tissue, it deposits
energy. For this, the concept of "radiation absorbed dose" was developed and is the mean energy
imparted by the ionizing radiation to a certain amount of mass. The conventional unit of absorbed
doseisthe rad and the International System of Units (SI) for radiation absorbed dose isthe gray
(Gy) (100 rad = 1 Gy = 1 Joule of energy per kilogram).

Inbiologicd sysemsit isimportant to quantify the relative radio-toxicity or damage that different
types of radiation produce. In generd, the higher the degree of ionization per unit length, or the
rate of linear energy trandfer (LET) of the radiation, the more effective it isin producing damage
inabiologica syslem. Radiobiologists have developed the concept of "relative biological
effectiveness’ or "RBE" to compare the differencesin energy of aradiation type relative to the
biologica effect produced.

For radiation protection purposes, the concept of radiation absorbed dose isinadequate, because
the RBE differsfor different types of radiation. Thus the term “dose equivaent” was devel oped,
which is the product of the radiation absorbed dose and a“qudity factor” or QF (and any other
modifying factors) to compare the relative effects to tissue due to various forms of ionizing
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radiation. For example, it is known that apha particles create much more damage than beta
particles, so apha particles are assigned a QF = 20 and beta particles are assigned aQF = 1. For
most radiation protection and adminigrative functions, the doses are reported as "dose
equivaents'. The conventiona unit isthe rem and the Sl unit is cdled the Severt (Sv), (100 rem
=1 Sv). For organsor tissues, interna dose isintegrated over the 50 years following an intake
and isreferred to as the “committed dose equivaent” (CDE) for that organ or tissue of interest.

To dlow the addition of externa and internal dose the radiosenstivity of each organ or tissue

must be taken into consderation. The "committed effective dose equivdent” (CEDE) incorporates
a"tissue weighting factor” to compensate for differencesin organ and tissue radiosengtivity.

For purposes of standard setting and radiation protection practices, annuad limits are placed on the
organ or tissue dose (CDE) and on the sum of any externa and internal (CEDE) dose. Prior to
1992, the Department of Energy regulations required that internal doses be integrated only over
the year of the intake. With the publication of the Radiologica Control Manud, the Department
of Energy transtioned to a 50 year CEDE.

2.3 Biological Effectsof Radiation

It has been recognized for many decades that exposure to radiation involves somerisk. From the
early period of the development of nuclear indudtries, there have been recommendations (e.g.,
National Committee on Radiation Protection and Measurements in 1954 and the Internationa
Commission on Radiological Protection in 1958) that exposures should be kept as low as practical
to minimize thisrisk. There are two generd types of biologicd effects observed with exposure to
radiation: deterministic and stochadtic effects.

"Determinigtic” effects are effects that occur as afunction of dose. These effects are not
congdered to be probabilistic or to occur by some statistical chance. For this reason, they are
often called "nonstochadtic effects’. These are effects that above a certain dose levels, or
“threshold”, are dmogt certain to appear. These are seen with usudly higher doses and occur
promptly or soon after exposure. The severity of the effects observed above the "threshold” dose
isdirectly related to the dose. An example of a non-stochadtic effect of radiation is the formation
of cataracts in the eye dueto ultraviolet light, beta particles or low energy X-rays.

Of greater interest for the normal use of, and protection from radiation are the effects of lower
doses. These effects occur randomly and are thus termed "stochastic” in their occurrence. The
occurrence of stochadtic effectsis usudly at longer periods following exposures. For example, in
the watch dial painters exposed to radioactive radium during the early part of the twentieth
century (1920's), cancers suspected as being caused by their exposures often did not occur until
decades |ater in life [4].

Stochadtic effects that gppear in exposed individuas are caled "somatic” effects. Those that
occur in the progeny of the exposed individud are called "genetic” effects. The probability thet a
stochastic effect will occur is proportiona to the dose received, but the severity of the effect, if it
occurs, isnot. For example, acancer that might be caused by radiation might not be any more
clinicaly severe than one that arose spontaneoudy. The most common stochastic effects of
radiation observed in humans and experimenta studies are cancers. While a specific radiation

10
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cancer may hot differ from a spontaneous, and presumed non+radiation induced cancer, different
types of radiation exposures may lead to adatistica increase in the rates of certain types of
cancers.

1
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3.0 RADIoOLOGICAL HAZARDSAT THE PADUCAH GASEOUS
DiFFUSION PLANT (PGDP)

Synopsis ¥ The separation and enrichment of >3°U from natural uranium is done by the gaseous
diffusion process. The potential hazard from natural uraniumis both chemical and radiological.
The incorporation of natural uranium into the body can result in nephrotoxicity (kidney toxicity)
that may be observed within days of exposure. 1n addition to uranium there were other
potentially more significant radiological hazards that existed at Paducah. The transuranic
materials (*°Pu and 23"Np) were present in trace concentrations in some of the feed material.
The potential concentration of this material within certain process equipment and potential
worker exposures to this material was not fully appreciated, particularly during the first few
years of plant operations. Recent (1990's) radiological surveys indicate elevated levels of TRUs
in most of the process buildings as well as some non-process buildings. This suggests that efforts
to control TRU contamination over the years were not effective. Additionally, there were some
fission products (e.g., °°Tc), thorium, and uranium progeny present. There were thus potential
exposures to alpha, beta and gamma irradiation. The potential for neutron exposures seems low,
but this has not been well documented. The TRUSs, thorium-230, uranium progeny and fission
products were concentrated during the process, and thus workersin certain areas and performing
certain duties were at increased potential for radiation exposure. A large percentage of the
plutonium, for example, was believed to have remained in the ash generated during the
conversion of the UF4 to UFgs. The potential for exposures also appeared to be increased during
maintenance operations, system upgrades and incidents and accidents. There were also, for a
limited time, recovery programs for *Tc and 3’Np, which presented additional potential for
radiation exposures to the workers because of the concentrations of these materials. There may
have been exposures to tritium (3H) from metal components of weapons that were being recycled.
Additionally, there were other areas where potential exposuresto fission products, thorium, and
uranium progeny may have occurred.

3.1 Overview of the Separation of Uranium I sotopes by the Gaseous
Diffusion Process

Natural uranium consists of several isotopes, the primary ones being 22U, 23U and 2%°U.
Uranium-235 has more favorable fission characterigtics suitable for sustaining a nuclear reaction
than natural uranium and is therefore better suited to be used as anuclear fud. However, the
concentration of 2*°U found in natural uranium is about 0.7 %. To be better useful asanuclear
fuel, the uranium must contain a higher percentage of 2%°U (>3%). The process of increasing the
235 content is referred to as “enrichment.” The gaseous diffusion process has been the most
utilized method for the production of materials with commercia concentrations of 23°U.

The separation of the isotopes of uranium by the gaseous diffusion processis based on the
principa that these two isotopes have dightly different molecular masses or weights, and dightly
different velocities at a given temperature. When introduced into a gaseous stream, the dightly
lighter isotope will have a higher velocity than the heavier one. The lighter isotope will therefore
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come in contact with the porous walls of the containment chamber more frequently and diffuse
through resulting in adight separation of the isotopes.

Since the average weight difference between the isotopes of uranium is very smdl, in order to
achieve a ggnificant sgparation, the gassous mixture must go through multiple diffusion
processes or stages called “cascades’.  For example, to enrich uranium from its origind natural
concentration of about 0.7% to about 4% 23 U requires about 1,200 diffusion stages.

The uranium must be converted into a gaseous stream to undergo the diffusion separation process.
The mogt suitable gaseous compound was found to be uranium hexafluoride (UFg). Uranium
oxide (UQO3) is converted to UFg through a three step chemical process. Because UFg isasolid a
room temperature, the diffusion cascades are operated at higher temperatures to maintain UFs asa
gas. UFg is, however, highly reactive with water, common metas and lubricants and can be very
chemicaly hazardous to humans. For this reason, the cascade must be as leak proof and as clean

aspossible.

The UF feed materid for the cascades came from avariety of sources. For example, at the
PGDP, these sources included UFg from the Oak Ridge Gaseous Diffusion Plant (ORGDP)
cascade tails, recycled UO3 (yelowcake) from Hanford and Savannah River Project reactor tails,
UQO;3 processed from raw uranium, recycled PGDP cascade tails and uranium salvaged from
various wastes and effluents which was converted to UO3. Trace quantities of fisson products
and transuranic eements were introduced into PGDP via the reactor tails.

3.2 SiteHistory of the PGDP

The Paducah Gaseous Diffuson Plant (PGDP) islocated in Western Kentucky, about 10 miles
west of the City of Paducah. The plant site occupies about 3,425 acres of which about 750 acres
arewithin the security fence. The plant isin arural area and some areas adjacent to the Ste are
protected conservation, wildlife and recrestion areas. From the start-up of production in 1953 to
the present day, the primary function of the Paducah Gaseous Diffusion Plant has been to produce
enriched uranium for use by commercial reactors or as feed materia for other plants that further
enrich the uranium.

The history of the Site was presented in the Phase 11 report [2] but more of the radiological
milestones are presented here and dso in tabular form in Table 3.1. Congtruction of the plant
began in 1951 through 1956. The first contractor for the plant was Union Carbide who operated it
from startup until 1984. During the first phase of construction the gaseous diffusion cascade
process (Bldgs. C-331, C-333), UF feed plant (Bldgs. C-410/420), Purge and Product
Withdrawd Building (Bldg. C-310), and the Surge and Waste Building (Bldg. C-315) were
congtructed. See Appendix C for more detail on the description of the buildings and processes
discussed in this report.

The Cascade process in Bldgs. C-331 and C-333 began operation in September 1952 using UFs
tails from the Oak Ridge Gaseous Diffusion Plant (ORGDP). In 1953, Building C-410, which
contained an oxide converson system, became operationd. It was fed with recycled UO3 from
the Hanford Reactor. For the first four years, fresh feed materid consisted of approximately
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equal amounts of ORGDP UFg and recycled UO3 from Hanford. 1n 1956, the new oxide
converson facility was opened in C-420, which was an annex on the west end C-410. This
coincided with the processing of clean UO3 that began on asmdl scdein that year. The upper
cascade buildings, C-335, C-337, became operationa in July 1954. Somewherein thistime
frame, the decontamination building, C-400 was completed and began operation.

A uranium metas and hydrofluoric acid salvage operation was started up in 1957 in Building
C-340 and was not completely shut down until the late 1970's, after which C-340 was used mainly
for indructiona purposes.

There were two cascade improvement/upgrade programs (CIP/CUP). Thefirst of these ran from
1954 to 1962 while the second one was from 1973 to 1981. These were significant because of
possible worker exposure to transuranics while the cascade systems were open. Other mgjor
events were the closing down of the feed plant operations from 1965 to 1969 and in 1971. The
feed plant and the decontamination building were permanently shut down in the late 1970's.

The presence of the transuranium eements, neptunium and plutonium, in the cascade was
confirmed by radiochemica andysisin 1957, but was recognized as early as 1953 [5]. Inthe
early years of plant operations, neptunium was referred to as "trace”. In 1958, a neptunium
recovery program was implemented where it was extracted from the recelver ash and cylinder
hedls; locations where it was more concentrated.

Technetium is afisson daughter product and a program to recover this el ement was implemented
beginning in 1960 and ending in 1963.

Based on interview reportsit appears that there were incremental improvements in worker safety
and persona protection programs during the 1980's that were accelerated following the
publication of the "Tiger Team' Report in 1990 [15].

Union Carbide wastheinitid contractor at the Ste. Martin Marietta replaced Union Carbide in
1984. Martin Marietta merged with Lockheed to form Lockheed Martin in 1993. Congress
established the United States Enrichment Corporation (USEC) as part of the Energy Policy Act of
1992. USEC was edtablished as a government owned corporation to manage the uranium
enrichment enterprise and prepare it for privatization. USEC commenced operationson July 1,
1993 and operated until July 28, 1998 when it was privatized through an initid public offering.
The DOE awarded Bechtd Jacobs LL C the managing and integrating contract for environmental
retoration in 1998. In May of 1998 USEC terminated L ockheed Martin as the managing and
operating contractor and assumed respongbility for the gaseous diffuson operations a the PGDP.

The net effect of these many changesis that the areas of the PGDP that are leased by USEC are
subject to regulation by the Occupationa Safety and Hedth Administration and the Nuclear
Regulatory Commission and the aress that are retained by the DOE under the stewardship of
Bechtd Jacobs LLC remain regulated by the DOE.
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Table 3.1. Overview of the PGDP chronology with emphasis on events that may have had some
radiologica consequences.

Date Company Event

Oct 1950 Union Carbide Paducah Site selected

July 1952 Uranium received

Sept 1952 Cascade buildings C-331 and C-333 begin operation

1953 Aware that feed from recycled reactor fuel contains trace quantities of plutonium

Sept 1953 2 ash handler’ s urinalysis test positive for Pu

July 1954 Cascade buildings C-335 and C-337 begin operation

Aug 1954 First cascade improvement started, plant remains in operation

Aug 1956 C-420 feed plant online

Nov 1956 C-310fire

Jan 1957 Begin producing U metal and UF, from depleted uranium

1957 Radiochemical analysis confirms presence of neptunium and plutonium (separate
radiochemical analysis indicates entire cascade is contaminated with Np)

Nov 1958 Neptunium recovery started from receiver ash and cylinder heals

Apr 1960 Technetium recovery begins

June 1961 First cascade improvement completed

Sept 1961 MgF, trapsinstalled to capture Np in effluents

Mar 1962 C-340 explosion and fire due to burnout of Mg bomb where uranium was released to
the furnace

Mar 1962 Neptunium recovery ends

Dec 1962 C-337 Explosion and fire

Jan 1963 Technetium trapsinstalled

June 1963 Technetium Recovery Ends

Apr 1968 Radiation overexposure to two maintenance workers*

Mar 1973 Second cascade improvement started

Oct 1973 No longer produces U metal, however still produces UF, as aby-product of HF
recovery

Jan 1975 NRC and ERDA assume AEC

Mid 1970's Tc removed as an environmental protection measure

May 1977 Feed plant ceases operation, receive feed as UFg

Oct 1977 DOE assumes ERDA

Jan 1978 C-315 explosion and fire

Sept 1981 Second cascade improvement compl eted

Apr 1984 Martin Marietta

June 1990 Tiger Team Assessment

16



Exposure Assessment Project at the Paducah Radiological Hazards at the

Gaseous Diffusion Plant Paducah Gaseous Diffusion Plant (PGDP)

Date Company Event

1992 USEC established

July 1993 Lockheed Martin

July 1993 USEC (United L eases enrichment production facilities as operations and mai ntenance contractors
States
Enrichment
Corporation)

Nov 1996 NRC grants certificate of compliance to USEC

Apr 1998 Bechtel-Jacobs DOE clean-up contractor

May 1999 USEC Assumes direct operation of enrichment facilities

*Cited inthe Phase || report, reference #2.

3.3 Plant Processes and L ocations Wher e Potential Radiological Hazards
Existed

There were severa sources of radiation at PGDP that present the potentia for worker exposures
to apha and beta particles, neutrons and gammarays. These were derived from avariety of
nudides indluding uranium-234, uranium-235 and uranium-238, uranium progeny, transuranics
(principdly plutonium and neptunium) and fisson products (technetium-99, etc.). Biologicdl
damage can result from either or both internal and externa exposures. These are discussed in the
context of plant operationsin Appendix C. A detalled listing of worker occupations, plant
locations and information relating to radiation exposures can be found in Appendix F.

From 1952 to approximately 1980, the mgjor Sites of potentia exposure to nuclides were the
buildingsinvolved in the converson of UO3 powder to enriched UFg solid/gas, UF4 and uranium
metals recovery operations and the decontamination building. The feed and enrichment
operations were located in Buildings C-410, C-420, C-331, C-333, C-335, C-337, C-310 and
C-315, while UF4 recovery and uranium recovery were donein C-340 (Figure 3.1). The
decontamination operation was located in Building C-400 that aso housed a number of other
operations including the pulverizer and uranium, neptunium and technetium recovery. Locaized
stes within other buildings where exposure to radioactive materias could possibly have occurred
included the compressor shop in C-720 and the cylinder transfer facility in C-360. Lesser
exposures were possible at other stesincluding C-710, C-720 and C-746. During the 1973-1981
cascade improvement, a shop for reassembling and testing converters was located in C-409, the
dabilization building.

The oxide conversion building, C-420 was where the UO3 powder (clean or recycled) was
recelved and converted into UF4. From here it went to C-410, the feed plant, for converson to
UFe. Findly, the UFs was processed through the cascade buildings, C-331, C-333, C-335 and
C-337. Enriched UFg was withdrawn in C-310, the product withdrawa building, while depleted
UFs was removed in C-315, the tails withdrawd building.

As mentioned above, the oxide was introduced into the system in C-420. The ore was run
through two sets of fluidized beds, the firgt of which converted UO3 (yelow powder) to UO-
(black powder), while the second converted UO, to UF4. The primary potentia for radiation
exposure to operators involved here were the inhaation of dust generated while unplugging the
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converters or while cleaning the building air filtering system (bag house). The maintenance
mechanics had a potentia for exposure while working on the equipment.

In the early days before C-420 was built, afeed plant was established in C-410 for converting
UO;3 to UF4. According to the phase I report, this operation was "hazardous and subject to
frequent breskdowns' [2]. In about 1956, it was shut down. Information on this part and time of
the plant operations is meager.

The next stage of the enrichment operation was to convert solid UF, to gaseous UFs. Thiswas
donein fluoridation towers located in C-410. The operation consisted of introducing UF, at the
top of the tower while fluorine gas was introduced from below. The resulting UFs gas/liquid was
removed in large cylinders while the solid waste products were collected in ash receivers at the
bottom. The radiological issues here were potential beta and gamma radiation exposures from
transuranics, fisson products and accumulated uranium daughters, which were concentrated by
the process in the ash at the bottom of the fluoridation towers. In addition to any externa
radiation sources, there was aso the possible inhdation of dust while cleaning plugged
equipment, change out of the ash receivers, ingestion during maintenance work and cleaning the
building air filters. The potentid for radiation exposure was particularly increased for work
around and with the ash receivers.

From the Feed Plant, the UFs gas was introduced into the cascades that were located in Buildings
C-331, C-333, C-335 and C-337. Potentias for exposures were greater when it was necessary to
perform maintenance work on the compressors, to unplug or replace control valves or to clean the
building air filters. The exception to the above was during the cascade upgrade program of 1973-
1982 when the system was opened up to modify the converters and large amounts of UFg gas
were released.

Another work site for potentialy increased radiation exposures was the Decontamination
Building, C-400. Thiswas primarily because the following operations were performed there,
converter disassembly, pulverization of waste UF4 and recycled UO3 containing transuranics,
cylinder hed cleaning, the spray booth operation and neptunium and technetium recovery. There
were hazards associated with cleaning the building arr filtering system (baghouses).

Two buildings with reduced potentia for TRU exposures were the Product Withdrawd Building,
C-310, and the Tails Withdrawa Building, C-315. An interesting practice that occurred here was
that of attaching avalve cdled apigtal, to the gas cylinder that wasto befilled. Usualy when

this operation was performed, there would be a smdll release (cdled a puff) of UFg gasinto the
immediate environment. Other potentid exposures in these buildings included operators who
moved a gas cylinder before it had been disconnected from the building gas lines (at least twice)
which resulted in breskage of the pigtail, and an accident where a piece of equipment (ascae) fell
on the pigtail and broke it off [16].

Another building which had an increased potentid for radiation exposure was Building C-340, the
metals production building. Reacting depleted UF tails from the cascade operation with
hydrogen gas produced depleted uranium. HF was produced as a byproduct of this reaction,
which was then reused in the feed plant. UF,; was either stored or used to produce uranium metal.
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The potentid radiation exposure resulted from the need to unplug stoppages in the converson
towers and various operations involved in manufacturing and cleaning uranium "derbies’. A
"derby" was the molded uranium metd that was made from the UF, and magnesum. Findly,
there were the usua potentia radiation exposuresinvolved in cleaning the building air filtering
system and maintaining the equipment.

Further technica details on plant processes and activities within specific buildings are found in
Appendix C.
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Figure 3.1.01 Schematic drawing of approximate locations of PGDP buildings of interest in this report. See also Appendix C for a detailed description of the facilities
O O and processes.
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3.4 Transuranic Elements- Neptunium and Plutonium

The transuranic dements (TRU) of interest in this assessment are 22’Np and 2*°Pu. The
transuranics were present in some of the feed materials as contaminants in trace concentrations.
Thisincluded the recycled uranium that came from plutonium production reactors a Hanford and
Savannah River viathe Feed Materias Production Center (FMPC) at Fernad, Ohio. The use of
thisfeed materid (“reactor tails') began in July 1953 [17] and it was known & the time that this
would introduce what was felt to be negligible or trace quantities of transuranics and fisson
products into the gaseous diffuson system.

Neptunium-237 has a radioactive half-life of about 2.14 million years with a specific activity of
7.06E* Cilg. Becauseit has agrester specific activity than uranium, it is about 2,000 times more
radioactive per unit mass than depleted uranium. For this reason, the presence of 2’Np in the
feed materia and its concentration during the enrichment process presented a potentid for
increased worker radiation exposure.

Plutonium-239 has a radioactive hdf-life of about 24,400 years, and is thus much more
radioactive per unit mass (6.2E2 Ci/g) than 2’Np. Both 2*°Pu and 2’Np are dphaemitting
isotopes, thus they must be incorporated into the body to promote radiation damage. The primary
pathways of incorporation would be by ingestion or more importantly by inhdation. The longer-
term biologica consequence of exposure to TRUs or any other internally incorporated meteria
depends upon where it is deposited and retained in the body. After an inhdation exposure, the
materias may be absorbed and trand ocated to other tissues. Thiswill depend on the solubility
and sze of theinhaed particles.

3.4.1 Sourcesand Amounts of Transuranics at the PGDP

The Team summarized the amounts and dates of introduction of TRUs a the plant, based on
available documentation. The following table (Table 3.2) containsalist of the tota amounts of
23"Nip and Z*°Pu reported as being received a PGDP aong with the time of receipt and the
document from which the information was extracted. These are preiminary estimates that will be
updated when the Mass Baance Team produces its report.

Table3.2. Theamountsof 2>’Np and 2*°Pu reported at the PGDP, years represented in the report,
year of the report, and the bibliographic reference. Thelist is sorted by the year of the report that
contained the information.

Radionuclide Amount (kg) Date Y ear of Reference Reference #

Np-237 2.847 2/57 - 2/64 1966 7
11.386 12/56 - 6/64 1966 8
13.084 12/56 - 12/70 1972 9
13.548 6/53-11/73 1974 10
184 FY53-FY76 1984 11
180 FY53- Fys4 1986 12
18.0 6/53 - FY77 1987 13
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Radionuclide Amount (kq) Date Y ear of Reference Reference #
Pu-239 0.189 2/57 - 2/64 1966 7

0.189 12/56 - 6/64 1966 8

0.2257 12/56 - 12/70 1972 9

0271 12/53 - 1173 1974 10

0.328 FY53-FY76 1984 11

0.33 FY53-Frya4 1986 12

0.33 6/63- FY77 1987 13

The above table was based on available records, estimations, and assumptions. From these
documents the best estimate for the amount of 22’Np received a PDGP is about 18.4 kg. The best
estimate for the amount of 2*°Pu is about 330 grams.  These figures are similar to those reported

by R.C. Baker [25] where he estimated that about 100,000 tons of uranium was processed and this
contained 660 kg (about 11,000 curies) of *°Tc, 18 kg (12 curies) of ’Np and 330 grams (20
Curies) of %%Pu. Additionally, according to available documentation the PGDP feeds were not
andyzed for neptunium and plutonium from 1953 to 1957 so that their contribution during this

time frame hes been estimated. As part of the Mass Bdance initiative, the PGDP is reporting that
22.866 kg of 2*"Np and 300 gm of 2*°Pu were received between 1953 and 1988.

3.4.2 Specifications of the Transuranics at the PGDP

Specifications on quantities of transuranics in reactor return uranium were devised to assure that
radiologicd limits and handling practices for uranium would autométicaly satisfy smilar
gandards for transuranics [26]. The limits aso serve to reduce the cost of remova of these
contaminants. As a consequence of detection improvement over time, these limits have
undergone change from the beginning of plant operation until current day standards.

Asearly as 1953, documents describe the maximum "acceptable’ concentration of plutonium in
the feed materia to be 10 parts per billion (ppb) uranium [17]. The earliest specification for
acceptable concentrations of neptunium in feed materia that the Team found was in a document
dated 1966 [18]. Later it was specified [18] that alpha activity from reactor fuel eements could
not exceed 150 dpm/g U. This means that the amount of activity due to apha emissons could not
exceed 150 disintegrations (alpha particles) per minute (dpm) per gram of uranium. Since
uranium undergoes dpha decay, limiting its activity controls the level of radioactivity received at
the plant for processng. This document aso pecified that the apha activity from plutonium
would not exceed 136 dpm/g U that could be represented by 0.0004 ppb U basis for 28pu, 1 ppb
U basis ?°Pu or 0.3 ppb U basisfor 2*°Pu. Since each isotope has its own specific activity the
amount of each isotope that can be present without exceeding the limit varies.

In 1975 [23] the feed specification was not to exceed 1500 dpm/g U for neptunium and plutonium
as established in 1967. Asthis shows, the limits changed from 1966 to 1967 by an order of
magnitude and the >*’Np limit became 1 ppm U basis. By 1986 the limit for RT (reactor tails)
material contained plutonium in quantities equa to or less than 10 ppb U basis (10 ppb of 100,000
tons U is 1000 g) [24]. These levels changed by orders of magnitude over the 1967 specifications.

24



Exposure Assessment Project at the Paducah Radiological Hazards at the
Gaseous Diffusion Plant Paducah Gaseous Diffusion Plant (PGDP)

By 1989 the specifications for plutonium and neptunium combined decreased to 200 dpmv/g U.
The specific activity for 2°Pu is 1.4E'* dpmvg, which limited the concentration of plutonium to
1.4 ppb U basis. Likewise, the specific activity for 2’Np (1.6E° dpmv/g) limited the concentration
of neptunium to 125 ppb U bads. The Mass Bdance Team in their report will discuss amore
thorough review of the feed material specifications.

3.4.3 Activitiesand Concentrations of Transuranics

Because neptunium and plutonium move through the cascade process at different rates from It
was common in the plant records to express plutonium activity as a percentage of neptunium
activity. One of the 1966 documents [18] assumed plutonium apha activity did not exceed 1%
of the neptunium apha activity for the period from 1953 to 1966. This assumption was based on
measurements of neptunium in the cascade process and extrapolating the plutonium percentage
based on the chemical properties of the two radioisotopesin the diffusion process and the
assumption of the relative amounts present in the feed materid. Another document issued within
days of the first [19] assumed plutonium apha activity was less than 1% of neptunium apha
activity. Additionaly, this document estimated that the highest concentration of neptunium
received was 100 dpm/g U.

In 1984 [22] it was assumed plutonium aphaactivity was less than 0.2% of neptunium apha
activity based on supposed neptunium and plutonium ratio measurements that were taken.
However, the number or methods of measurements were not disclosed. This document reports the
highest average concentration for neptunium to be 0.24 ppm U basis before fiscal year 1967. The
highest average concentration for plutonium was reported as 4.5 ppb U basisin ERT (enriched
reactor tails) stream with no specified time period. Prior to 1967 it was speculated that due to
ratios and the quantity of feed, the upper amount of Pu entering the plant was 4 ppb U bass as
determined by unspecified measurements that were reportedly biased high. Plutonium
concentrations in this range indicate a possible violation of the specification indicated in a 1966
document [19].

3.4.4 Plant Processes and Locations That Involved Transuranics

As briefly described earlier in this report, the first stage in the enrichment of uranium ores a
PGDP was the converson of UOs3 to UF4. Since this was a solid-to-solid conversion, the
concentration of transuranics and fission products remained the same asthat of the Sarter
materia. The next step was fluorination of UF4 to UFg. Thiswas a solid to gaseous conversion
that resulted in the formation of insoluble solids and gaseous fluoride compounds. Much of the
transuranic contamination remained behind in the ash recelvers (solid waste products). The
remainder was probably converted to analogues of UFs, namely, NpFs and PuFs. The above
operations took placein the feed plant (building C-410). Figure 3.2 shows the feed materia
(UFe) being removed viatransfer cylinders while the solid wastes were taken out in ash receivers.
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Figure3.2. Flow Chart of Transuranics Movement at PGDP.

NpFes and PuFs had ahigh afinity for the wals of the gainless sted cylinders, which were used
for trangporting the UFs to the entry points of the cascade (buildings C-331, C-333, C-335,
C-337). A subgtantia amount of the remaining neptunium plated out at this point and remained
as part of the cylinder "hedls'. This"hed" materid was an insoluble residue that formed with
timein the UFg cylinders. The remainder was transferred back into the cascades.

Beginning in about 1957, measurements were made of the NpFg content of the cascade feed
materid [22]. The percent of dphaactivity attributable to neptunium ranged from about 10 to
40% with mogt of the values being on the lower end of the range. Using avaue of 25%, it was
estimated that 4.6 kg of neptunium entered the cascade. Thisistwice as high asthe vaue of 2.3
kg given by a 1990 document [26]. Assuming most of the uranium starter materid was converted
to UFe and accepting the high value of 40% in the cascade, this would mean a concentration of
79.2 ppm U of neptunium and 1.6 ppb U of plutonium that islower than that of the Starter
materid. Such vaues are believed to be conservative since neptunium and plutonium are highly
resctive with the nickd lining of the cascade piping and diffusion barriers and alarge percentage
is believed to have plated out as reduced neptunium and plutonium fluorides shortly after entering
the system (at the feed points) [26]. From this point, there is an equilibrium which resultsin
amdl quantities of neptunium (and possibly plutonium) being released back into the UFs gas and
findly going out in the product withdrawa cylinders.

It is believed that alarge percentage of the plutonium remained behind in the ash recaivers and
cylinder heds as aresult of processing that took place in the Feed Plant (410/420). Available
references reported a vaue of approximately 0.1 g of plutonium to have entered the cascades [26].
In theory, most of the neptunium would be in the form of reduced fluorides adhering to the

surface of the pipes and diffusion barriers, and not as NpFs. Indeed, neptunium contamination of
the process equipment was first reported after a pipe that was being modified in the weld shop
was found to have “unusudly high” fixed and removable dpha activity that was later determined

to be Np-237 [27].

After the neptunium (and plutonium) had entered the cascade, it was available to create potentia
worker radiation exposures viathe following:

1. Routine maintenance and repair of cascade components.
2. Cascade improvement programs.
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3. Mdlting of savaged nickd.
4. Legacy contamination.

Additiondly, surface wipe data from 1990- 1991 radiologica surveys|[7,8] indiceting relatively
high vaues of transuranics throughout the process buildings suggests another source of
transuranic exposure. The I T report [8] gave vaues of 85.9%, 11.0% and 3.3% for uranium,
neptunium and plutonium respectively in building C-333, one of the cascade buildings. If the
assumption is made that the unitsin the I'T report are percentages of total alphaactivity [8], then
conversion to ppb values would indicate that the concentrations were about 60,400 ppb U of
neptunium and about 260 ppb U of plutonium. These vaues for plutonium would be very high
relative to the specifications for the feed materid.

UFs was withdrawn from the cascades in Building C-310, product withdrawal, and C-315 tails
withdrawa. Based on process chemigtry, neptunium and plutonium concentrations would not be
increased in the product and tails withdrawa. Again, identified wipe data with elevated TRU
levels confound this conclusion. Nonetheless, it is expected that the potential exposure to
workers in this area was less than some other areas. Depleted UFg from building C-315 was used
as asource of depleted uranium, which was produced in Building C-340.

Transuranics left the feed plant viatrandfer cylinders and ash receivers. A amal quantity
gppeared to have dso been captured by the air filtering systems, so caled "baghouses'. This
system was designed to capture radioactive materials in the building air. It was estimated [26]
that 20% of the introduced neptunium ends up in the ash receiver, 62.5% or more goesto the
cylinder hedls and 5% is collected in the baghouse filters.

The cylinder wash was added to waste solutions from the spray booths. Higtorically, two methods
were used to harvest uranium from the washings. The first was aliquid chemica method where
the end product was uranium trioxide, which was presumably sent to the pulverizer for
conditioning before being recycled through the feed plant. The second method involved
chemically reacting the washings so that a dudge or cake was formed which contained the

uranium (and by inference, the transuranics) and a raffinate solution. The dudge, which

contained most of the uranium and transuranics, was shoveled into barrels and stored. Because of
the higher externa radiation doses due to the presence of increased concentrations of uranium
daughter products, worker exposure to the dudge was sometimes restricted.

The baghouse filters were periodically changed and cleaned. For this, the workers would open
the system and beat on the bags with sticks, which would create consderable dust and airborne
materids. It gppears that wearing arespirator was required for this activity. The dust from the
baghouse filters was collected and emptied into barrels that were then placed in storage. There
was a potentia for some exposure to the dusts during the entire procedure.

It was estimated [26] that 3.7 kg of neptunium left the feed plant via the ash receivers. The
composition of the ash varied depending on how efficient the fluorination processwas. I
conversion was poor, most of the ash consisted of unreacted UF,4 with lower concentrations of
transuranic contamination. On the other hand, if conversion was good, then the ash was made up
of reduced uranium fluoride products with higher levels of transuranic contamination.
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The rddively pure materid was sent over to the pulverizer in C-400 and reconditioned, before
being reprocessed in the feed plant. The impure materia was put into storage for Six to eight
months to alow the short-lived uranium daughter productsto decay. After this, information
indicates it was sent to the pulverizer for reconditioning after which it was shipped to Ferndd for
uranium reclameation.

There was one documented case where a batch of material was sent to Fernad in June of 1980
that was found to have particularly high levels of plutonium. According to one document [8], the
plutonium levels ranged from 67 to 7,757 ppb U. Corroborating this was the Baker report [25]
that suggested that concentrations of 80 to 1,000 ppb U were found in the ash receiver contents.

Smear sample data were reported in the early 1990's [7] from various locations within buildings

C-310, C-331, C-333, C-335, C-337, C-360, C-400, C409, C-410, C-710, C-720, and C-746Q and
within locations where TRU may have accumulated. Forty-nine of the 95 samples are reported to
exceed the action leve for TRU.

Based on the above observations, it appears that the workers that had the greatest potential for
radiation exposures to the transuranics were:

» Chemicd operators
* Feed plant operators
» Maintenance mechanics

3.5 Specific Recovery Operationsfor Technetium and Neptunium
3.5.1 Technetium Recovery Operation

Technetium-99 is the primary fisson product of concern at the PGDP. It has a haf-life of about
213,000 years and isalow energy beta emitter. Externdly the beta particle is effectively stopped
at the outer layers of the skin. The phase 11 report [2] noted "Although technetium was not a
sgnificant radiologica hazard during most PGDP operation and maintenance activities, it
presented a more sgnificant hazard when concentrated in recovery processesin C-400" [1].

The technetium recovery operation was initidly located in Building C-710 and was moved to
Building C-400 sometime after 1959. From information supplied by the workers [3,28], the
operation was located in an area near the center of the building (C-400) close by the spray booth
and behind the compressor test area.

Although the technetium (and neptunium) recovery systems were supposed to be leak proof and
made of unbreakable plagtic, this does not seem to have been the actual case. Both the Phase 1|
report and the workers [29] mentioned that parts of the apparatus were made of glass that
sometimes broke. One worker mentioned mopping up "one million dollars worth of technetium,”
which had been spilled [30].

The recovery operations were only run sporadicaly until about 1975. The separation equipment
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was then left in place until about 1980 when they were dismantled. The workerswho did the
dismantling were not told that the equipment was radioactively contaminated and hence did not
exercise specid safety precautions[29]. There was one incident where atechnician in the
andytica chemistry lab stated to have been "covered with technetium” [31].

Subsequent to the termination of the origina technetium recovery process, other, apparently safer
systems were set up a various locations to trap technetium so that it wouldn't escape into the
system or the environment. Technetium and neptunium were recovered on asmal scde from
these systems|[2].

3.5.2 Neptunium Recovery Operation

The neptunium recovery program preceded the technetium recovery program. After aninitid
development period in Building C-710, the neptunium recovery was moved to Building C-400.
There were three cubiclesin the back of the C-400 building. The onein the very back corner was
used for mercury recovery, the next room was used for storage associated with the neptunium
recovery operation and the third was the "trace’ or neptunium recovery room.

The "trace’ room was alittle bigger than anormal sized room. It was built in such away that an
exploson would diss pate upwards, thereby minimizing damage to adjacent areas. Along one
dde was a series of four columns filled with an ion exchange resin (rosin) with containers that
wouldn' let the resin fdl through while dlowing the flow of liquid. Above the columns were
racks where 5-galon carboys were placed. Mixed solutions would be placed on the racks and
drained through the columns. The neptunium would accumulate in the columns after which a
solution would be run through the column that neutralized it and the neptunium would be drained
off. Once again, some components would break, potentialy exposing the workers to radioactive
materids. When the systems were later dismantled, some workers indicated that they were not
informed that the components could contain radioactive contamination. The resulting product
was sufficiently concentrated to be useable as a Starter materid for further purification, likely
done at Oak Ridge.

Because the workers were handling more concentrated forms of neptunium, this operation had
higher potentid for interna radiation exposures.

3.6 Processes That May Have Produced Exposuresto Neutrons

There is one primary potentia source of neutrons present at the Paducah facility, excluding those
that might be produced in a criticdity incident. The source is from neutrons resulting from an (a,,

n) reaction with fluorine compounds. This could occur in the fluorination towers where the
maximum amount of fluorine would be available for thisreaction. Because of the Sze of the
towers, the production of neutrons would be expected to be small. Neutrons could also be
produced in the storage cylinders that contained either depleted UF (tails) or enriched UFg
(product). While there were badges issued for neutrons, there were few documents or reports that
discussed or presented any radiological issues relative to neutrons.
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3.7 Processes That May Have Produced Exposuresto Tritium

Tritium is an isotope of the dement hydrogen. It is aout 3 times heavier, than norma hydrogen.
Tritium has ahdf-life of 12.3 years and emits very low energy beta particles. It isnormally
present in the environment in extremely smal amounts compared to norma hydrogen. Tritium
poses essentidly no externd hazard since the beta particles released via the radioactive decay
process cannot penetrate the outer layer of skin. However, tritium can be incorporated into the
body through respiration, ingestion, and absorption through the skin. Once inside the body,
tritium can pose a greater biologica hazard; however, ardaively large amount would have to be
taken in to result in doses that would be of concern.

Tritium has certain characteridtics that present unique chalenges for dosimetry. For example, in
gaseous form, tritium can diffuse through dmost any type of container, including those made of
ged, duminum and plastics. In oxide form (HTO), commonly used survey instruments cannot
detect tritium. However, uptake of tritium can be easly monitored through bioassay of urine.
The presence of tritium can be detected in the urine within 24 hours post-exposure and can be
followed for severd months. The so-called biologicd hdf-life of tritium (that is, the time for
one-haf the absorbed activity to leave the body) varies from 10 days to as long as 3 months
depending upon how the tritium is metabolized.

The source of information on possible tritium exposures a the PGDP continues to come from the
media, and not from documents acquired by the Team. For example, an article in the Louisville
Courier-Journa dated Oct. 8, 1999 reported that a former Paducah worker was suspected of
having a body burden of tritium. The article further States that the “United States Enrichment
Corp. sad yesterday it was testing a handful of employees a the Paducah Gaseous Diffusion
Pant for exposure to tritium...” The article further states that tritium is not used in any processes
a the plant and cannot account for the tritium in this worker.

A subsequent article in the Washington Post (Mar.14, 2000) discusses the possibility that the
plant may have been involved with “weapons dismantlement” and that personnd could
“concalvably encounter highly enriched uranium or plutonium (or even tritium) without knowing
it". ThePhase Il Report does, however, date, “until 1985 disassembly of wegpons components
and recovery of metals were performed at PGDP’[2].

The types of components and the surveys performed on any components prior to shipment to the
PGDPis classfied, and such information was unavailable to the Team. Because of the nature of
tritium — particularly its ability to diffuse into and through various types of materids — exposure

to tritium contaminated wegpon components may have been possible; however, the degree of
exposure to tritium would probably be smal. The Team found no record to date of a bicassay
program for tritium. Without such data no true estimate of tritium exposure can be determined.

Thus no conclusions, based on factua data, can be drawn relative to the claim that workers at the
PGDF were exposed to tritium. However, as stated above, the presence of tritium, probably in
smdl amounts, was indeed possible. The doses ddlivered to the workers, if small amounts of
tritium were present, likely would be extremdy smdll.
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3.8 Incidentsand Accidents

Incidents and accidents deserve some attention because often in industrial settings exposures

occur as aresult of non-routine incidents and accidents. It is aso evident that at least some, if not
many, of the higher exposures that were found in the records can be tracked to some incident or
accident. Many of theincidents and accidents were presented in the Phase |l report [2] that noted
that from the beginning of plant operations to the early 1990's, there were many releases, potentia
exposures, some accidents, and operationa problems. Some of these incidents, such as small
releases of UFg ("puffs’) were gpparently quite common. The phase |1 report [2] identified
approximately 50 UF¢ releases, each rdleasing in excess of 10 pounds of uranium. The report dso
identified "a least 15 events...that each rdleased aminimum of 100 pounds of uranium”. Smaller
“materias releases’ were commonplace occurrences, especialy in the early years of plant
operations.

Severd of the mgjor accidents were well known including amgjor firein Building C-310 in 1956,
explosons and firesin Buildings C-340 and C-337 in 1962 and C-315in 1978. With at least one
of these fires, there was the possihility for exposure to fire fighting personnel who responded

from the surrounding communities. There were "events' in 1960 and 1962, reported in the Phase
I1 report, indicating releases of about 6,800 and 3,400 pounds of uranium, respectively. It was not
clear if the doses that may have been received by many workers as aresult of these accidents were
measured, and if so, whether they were recorded in the database.

Of additiona interest with regard to dose estimation is the practice reported by some workers of
collecting urine samples within 30 minutes of an accident or incident [33]. If there were intakes

of uranium, it may not bein the urine within 30 minutes. If subsequent samples were not taken,
the intakes from these exposures may not have been identified. Some workers recollected that the
follow-up samples were done if the initid "pecid sample" exceeded the plant action guide levd.
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40 HISTORY OF THE HEALTH PHYSICSPROGRAM AT THE
PADUCAH GASEOUS DIFFUSION PLANT (PGDP)

Synopsis ¥ There were radiological standardsin place during the entire history of the PGDP.
These standards did change with time. As noted in the Phase Il report, the working philosophy
was to keep the worker exposures within the regulatory limits, rather than to keep the exposures
as low as reasonably achievable (ALARA). Additionally the report noted that the enforcement
of safety rules and implementation of procedures was the responsibility of the line supervisors.

The detection of external doses was accomplished throughout the early plant history
with film badges and after the 1980's thermoluminescent dosimeters (TLDs). It was apparent
that when workers exceeded or approached their limits for the month or quarter, for example,
they were transferred to locations where their exposures would be less, so as not to exceed the
yearly regulatory limit. To assess the uptake of uranium, a bioassay program was conducted to
determine concentrations of uraniumin the urine. Higher samplesresulted in recalls and
sometimes wor ker s wer e reassigned to another department or location to reduce their radiation
exposure.

When it became apparent in the late 1950's that there were potential exposuresto TRUS,
some wor kers wer e sent for whole body counts and later a mobile whole body counter was used
on site to assess total body concentrations of neptunium. Detectable levels of TRUs in workers
were not reported, but there were some serious limitations of the techniques and equipment
used.

There were never any routine bioassays for TRUs, instead it was assumed controlling
uranium exposures could control exposures to transuranic materials. The content of plutonium
and neptuniumin wipe and air filter samples was, however, routinely reported in the health
physics documentation for many years.

4.1 Historical Radiation Standardsin Use at the PGDP

The exposure limits according to NBS Handbook 69 published in 1959 are asfollows:

1) The maximum permissible dose (MPD) for penetrating radiation to the whole body was 5(N-
18) rem, where N isthe age of the person, and the dose in any 13 consecutive weeks shall not
exceed 3 rem. An older person may receive adose of 12 rem in asingle year provided that his
5(N-18) limit was not exceeded (i.e. his average yearly dose does not exceed 5 remlyr). 2) The
MPD for non-penetrating radiation dose to the skin was 10(N-18) rem, and the dosein any 13
consecutive weeks shall not exceed 6 rem. For the hands, forearms, feet and ankles the MPD =
75 rem/year and shdl not exceed 25 rem in any 13 consecutive weeks. 3) The maximum
permissible concentration (MPC) value for air was set to conform to the above stated limits
when applied to the most restrictive case (an 18 year-old). The MPCsfor 22"Np, 2%°Pu, *°Tc,
233 and naturd uranium are listed in the following table for soluble and insoluble cases. These
limits are the lowest limits and are based upon the mogt critical organs for each nuclide. The
maximum permissible body burden (q) isdso listed in the following teble.
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Table 4.1. NBS Handbook 69 - Maximum permissble vaues for occupationd exposure in
1959.

40 hour s/week

Nuclide Solubility qnC MPC,;, nCi/cm®
*Tc Insoluble 1E>

FTc Soluble 200 4>
““Py Insoluble 4
“py Soluble 004 2E+
“*'Np Insoluble 1E
“*'Np Soluble 0.06 4E*

U Insoluble 1E

AU Soluble 0.03 5+
Natural U Insoluble 6E
Natural U Soluble 0.005 TE

Furthermore, the dose to personsin the neighborhood of controlled areas was not permitted to
be morethat 1/10 the MPCs. Their maximum permissible body burden islikewise /10 that
listed in the above table. Their dose shdl not exceed 0.5 rem/yesr.

The AEC and ERDA limits reflected the limits from NBS Handbook 69 for externd exposure.
Theinternd limitsin NBS Handbook 69 are listed as maximum permissble concentrations
(MPCs) in air and water, which were st by maintaining the 5 rem/year limit to the mos critica
interna organ for the nuclide of interest. The AEC/ERDA Manuas do not lis MPCs, but do
lig theinternal dose commitment limits

The limits according to AEC Manua Chapter 0524 and ERDA Manua Chapter 0524 are listed
below with modern limits for DOE facilities from 10 CFR 835. Thelimits remained congtant
from 1958 to 1968. The changesin 1968 are to the bone dose and whole body dose from an
internal exposure. The bone dose is specified as an actud limit for the firgt time. Thewhole
body dose was expressed as a 50-year accumulated dose instead of ayearly dose. In 1975
further changes were made. The interna dose to the thyroid was no longer specified. The dose
to other organs was not specified. Also, the whole body dose from externa or interna sources
reverts to a specified yearly dose instead of the accumulated dose. Under the accumulated dose
limit it was permissible to receive up to 12 rem in one year, aslong as the accumulated dose
limit was not exceeded. In 1975 and 1977, it was still permissible to get 12 rem in one year, but
only under specid circumstances. In 1977 the dose limits to other organs was reingtated.
Furthermore, the dose to extremities was broken down into alimit for forearms and a limit for
hands and feet. The dose limit to forearms was lower than previous specifications would alow.
In 1988 the dose limits change once again. The quarterly dose was no longer specified. The
externd dose limit to the skin and extremities were set at 50 rem/year. Theinternal dose was
expressed as a sum of the external exposure and the committed dose equivaent to any organ or
tissue, with a particular limit specification of 15 rem/year to the lens of the eye.
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In 1992, a change was made to how internal dose was recorded. Up to this point, internal doses
were integrated over 1 year, the year of the intake, and any subsequent years. With the
publication of the Department of Energy’s Radiologica Control Manua in 1992, internal doses
were to be integrated over the 50 years following the intake.

Table4.2. Doselimits. From 1958 — 1968 comes from AEC Manuas. 1975 and 1977 comes
from ERDA Manuds. 1988-1999 comes from DOE Order 5480.11 and 10 CFR 835.

External Dose (rem) Internal Dose (rem)
Year | Whole Body in Extremities Whole Body | Thyroid | Bone Other
1958 | Accumulated 2 times 75lyear “not more than 1/4 of the 15 rem
5(N-18) whole maximum permissible yearly dose
body shall betakenin 1/4 of ayear”
1963 | Accumulated 30/year 75lyear 5lyear 30/year | =0.1ny of 15/year
5(N-18) 10/qtr. 25/qtr. 3qtr. 10/gtr. | Ra**® or 5/qtr.
3/ qtr. biological
equivalent
1968 | Accumulated 30/year 75lyear Accumulated | 30/year | 30/year 15/year
5(N-18) 10/qtr. 25/ qtr. 5(N-18) 10/qtr. 10/qtr. Slyear
3/ qtr. 3/qtr.
1975 | Slyear 15/year 75lyear 5lyear 30/year
3/ qtr.* 5/qtr. 25/qtr 3/qtr. 10/qtr.
1977 | Slyear 15/year Forearms: 5lyear 30/year 15/year
3/ qtr. S/qtr. 30/year 3/qtr. 10/qtr. 5/qtr.
10/qtr.
Hand & Feet
75lyear
25/qtr.
1988- | 5lyear** 50/year Sum of the deep external exposure and the weighted
1999 committed dose equivalent to any organ or tissue =
50/year (lens of the eye = 15/year)

*The AEC Manual also states "in special cases with the approval of the Director, Division of Safety, Standards and
Compliance, aworker may exceed 5 rem/year provided his/her average exposure per year since age 18 will not
exceed 5 rem per year."

**Thislimit is actually the sum of the external dose and the committed effective dose equivalent from all internal
exposures in the current year.

The radiation limits employed with time, the references for these methods, the loceation,
monitoring methods, and documented exposures are summarized in Appendix D. Exposure
ranges to more specific worker groups may be found later in this document.

There is documentation indicating that throughout most of the plant history these radietion
standards were being used. For example, in a 1961 report [34] it indicates that radiation
exposure limits were taken from the National Committee on Radiation Protection (NCRP), AEC
Manua Chapter 0524, NBS Handbook 52, and NBS Handbook 69. A monograph titled
"Selected Materid on Radiation Protection Criteria and Standards: Their Basis and Usg" was
published in May 1960 [35]. This document contains an Appendix titled "Application of
Radiation Protection Standards at Atomic Energy Facilities Operated by Union Carbide Nuclear
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Company" where it is stated that the "permissble radiation exposure limits used are those
established by the National Committee on Rediation Protection as given primarily in NBS
Handbooks 59 for externd exposure and 69 for interna exposure’.  An interview with a hedlth
physics technician that worked at Paducah from 1953 to 1985 states “we had radiation standards
from AEC and al back from day on€’. Thisindicates that the Paducah Gaseous Diffuson Plant
Hedth Physics personnd did have available to them the current radiation protection standards at
that time. In the 1988, DOE Health Physics Manual of Good Practices for Uranium Facilities
it isindicated that the limits were taken from ANSI and NCRP [36]. Furthermore, plant
documents [37] contained copies of AEC 0524 dated 1958, 1963, and 1968 and ERDA 0524
dated 1975 and 1977. Without documentation to the contrary, it is suggested that NCRP
Handbooks and AEC Manua s were used between these two dates.

4.2 Historical Radiological Protection Programs at the PDGP

Most of the information obtained on the radiation protection at the Paducah Gaseous Diffuson
Plant program comes from a 1961 report by R.A. Winkd titled "Paducah Plant Hedlth Physics
Program” [34]. Inthisreport it is stated that line supervison has the * primary respongbility for
the protection of personnel againgt hazards associated with radioactive materials.” The purpose
of the Hedlth Physics and Hygiene Department was to provide a monitoring service, maintain
exposure records and “furnish line supervison with advice, information and training aid on
radiation or uranium toxicity hedlth hazards’ and *recommends plant guides for controlling
employee exposure.”  This suggests that radiation protection was the responsibility of line
supervision; the hedth physicist(s) appeared to play advisory or secondary roles and may have
hed little authority to enforce its recommendations concerning personnd protection.

The early radiologica monitoring procedures and methods were obtained from documents
dating to the early 1960's. There were three mgor areas of monitoring: personnel exposure
monitoring, work area monitoring and shipment/scrap monitoring. The PGDP hedlth physics
and industrid hygiene program procedures were based on recommendations of the NCRP,
Nationd Radiation Council, the American Conference of Governmenta Industrid Hygienists
and the AIHI Hygienic Guide Series[38].

4.2.1 Personnel Exposure Monitoring

Two methods, externa dosmeters and bioassay measurements determined personnd exposure.
The resulting measurements were recorded by Data Processing. At the end of each quarter, the
cdendar year quarterly and accumulated annual exposure reports respectively were prepared by
Data Processing. Plant Records maintained the quarterly and annua reports as a permanent
record. Data processing aso prepared individua exposure records for each employee, which
contained the annual dose since being hired. This report was filed in the employee’ s medica
record [2]. Theresults of the external exposure and bioassay monitoring are covered in
Sections 6 and 7 of this report.
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4211 Extand Dosmeers

Prior to 1961, select groups of employees consdered to have the potentia for radiation
exposures were issued film badges. After 1960, al employees were issued two combination
security/film badges. From 1960 to 1961 the number of workersissued film badges went from
526 t0 1690. One badge was to be used while the other was being processed. The length for
badge rotation depended on the exposure potentia of the employee. In the early years of the
plant operations, some groups of personnel with increased potentid of radiation exposure were
put on aweekly badge program. Workers with an exposure potential below the quarterly
radiation protection guidelines were on a three-month cycde. Buildings C-340, C-400 and
C-410 had increased potentials for radiation exposure so workers in these areas had a one month
cycle to ensure employees did not exceed the quarterly exposure limits [39].

The employee' s security badge number identified the film. In the event that a badge was issued
to a Paducah AEC employee the security badge number was prefixed with aB 01- to avoid
duplication of numbers. Temporary visitor or replacement lost badges were prefixed by A- and
followed by a sequential numbering. Cdibration and test film was identified with a C- prefix.

The badges were loaded with DuPont Dosimeter Film Packet 544 that contains film component
555, with arange of 15 mrad to 10 rad, and film component 834 with arange of 5 rad to 500
rad. The badge was aso |oaded with a Kodak Neutron Monitoring Film type A packet with a
range of 20 mrad to 10 rad. If needed changing the development time could extend the film
range.

Each batch of received film was calibrated for gamma and beta exposures. Using a 330 mCi
Cobalt-60 source calibration films were exposed to doses of 50, 195, 540, 1500 and 4000 mrad.
The film badge positions had been sdlected based on results from a Nationa Bureau of

Standards radium source. In preparation for apossible criticality incident emergency

calibrations were done for 3, 5, 10, 30, 100, 300, 500, 700 and 1000 rad. The emergency
cdibration films were stored in adesiccator. 1 no incidents occurred the film was replaced

every Sx months. Beta response was cdibrated by placing afilm badge face down on uranium
metd (240 mrem/hr surface dose) for varying time to produce equivaent absorbed doses of 30,
100, 300, 1000, 2000, 3000, 5000 and 7500 mrad.

FiIm was developed in batches congsting of the sengtive film (film type 555) from badges

aong with two filmsfor each dose levd and two unexposad films. The high range film (film
type 834) was stored unless analysis of the sengtive film showed a need for a high dose
measurement. FHIm developing was done under the following parameters and procedures:
temperature 68 — 69 °F, 3 minutesin developer, 1 minute rinse, 10 minute fixer, 30 minute rinse
and 2 hours drying [39].

After using the control film to zero the instrument, a\Weston Mode 877 Dengtometer, Hedlth
Protection Type, was used to measure the transmisson densty of thefilm [39]. A reading was
taken for the open window area of the film first. If the open window region had areading of
zero the exposure dose was zero and no further reading was required. 1f the open window
region measured a response then the region under the cadmium shield was also reed.
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Cdlibration curves were generated from the cdibration film. For exclusvely beta and gamma
exposure, the doses were read directly from the beta and gamma cdibration curves. For mixed
exposures, the gamma dose was read directly from the gamma cdibration curve using the
shielded dengty reading. The corresponding open window response to this gamma density was
noted for an open window region. The corresponding gamma dengity was then subtracted from
the open window measurement and the resulting va ue was the beta exposure. Vaues for beta
dose (rads) and beta + gamma dose (rads) were sent to Data Processing for quarterly and annual
reports as mentioned previoudy.

The trangtion from film badges to thermoluminescence dosmeters [ TLDs] occurred in the early
1980's. TLDs are more sengtive than film badges.

4212 InVitro Bioassay

In vitro biocassay sampling at the PGDP involved the collection of a urine sample that was then
andyzed for the presence of radioactive materid. This method was primarily used to detect
uranium, but on some occasions urine was dso andyzed for plutonium and neptunium. The
results of thein vitro bioassay measurements are used to estimate the amount of radioactive
material taken into the body. From this estimated intake doses can be assessed to assure that
workers do not exceed limits of exposure.  1n vitro bioassay sampling a the PGDP involved the
collection of a spot urine sample that was then analyzed for the presence of uranium. Very
limited urinalys's sampling was done to monitor for neptunium and plutonium. As noted in the
Phase | report [2], neptunium, at the trace concentrations found in reactor tails feed materid,
“was not asgnificant radiologica hazard”. “At such levels, the controls applied to protect
againgt uranium expaosure provided ample protection from neptunium.” However, “They
(Paducah Hedth Physics Staff) knew that traditiona uranium controls would not be sufficient
for areas where neptunium would concentrate ...”. [2]

In 1962, the Hedth Physics and Hygiene Department detailed the early bioassay program from
1953 to 1962 [40]. Information on the program that existed through June of 1982 was presented
inamemo dated 1983 [41]. Table 4.3 summarizesthe levels of uranium in the urine that would
require that aworker be recaled for additiona testing and levels that would require that the
worker be placed on "redtriction”. Restricted employees were moved to areas of the plant with
reduced exposure potential. The recall schedule, the exposure limits and the levels required for
work regtriction changed with time over the plant history. The routine weekly re-checks were
usudly done on Monday mornings (Monday Morning Recall).

The frequency of routine sample collection for uranium biocassay was determined from the

Master Schedule. A copy of the Master Schedule was not available but the frequency of sample
collection varied between a maximum frequency of every 4 weeks for personnd routingy
working in buildings C-310, C-315, C-340, C-400 and C-410 to aminimum frequency of yearly
for lower risk locations. Samples were aso collected following incidents or accidents, upon
termination of employment or if arecall was decided from previous results.
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Table 4.3. Urine bioassay program for Uranium. Action points. recdl and restrictions.

Period Recdl Redtriction
1952 - 1955 Singlesample> 10 ug U/L Two consecutive samples
Recdled until < 10 ug U/L =10 pg UL
1956 - 1961 Singlesample > 10 pg U/L if not Single sample =100 g U/L
scheduled for sample in 3 months
Single sample > 40 ug U/L if not Single sample > 12 ug U/day
scheduled for sample in one month
Three consecutive samples = 0.01
mg U/L. Recaled until 2 samples
<6 ug U/day.
1962 - 1969 Single sample >60 g U/L Single sample >870 g U/L
Quarterly avg. samples Quarterly avg. samples >60 ug U/L
>33 ug U/L
Three consecutive samples >20 ug U/day
>12 ug U/L. Recdled
until two samples <12 ug U/day
1969 - 1976 Single sample >60 ug U/L Single sample >870 ug U/L
Quarterly avg. samples Quarterly avg. samples >60 ug U/L
>33 ug U/L. Recdled
until <20 ug U/L
1977 - 6/82 Single sample >33 ug U/L Single sample >870 ug U/L
Three consecutive samples
>19-33 ug U/L. Recdled
until <20 ug U/L
6/82 For soluble Uranium <5% U-235 Soluble Uranium, >200 pg U/L

>50 ug U/L

For insoluble Uranium,
>20 ug U/L. Recdled until
<20 ug U/L.

Insoluble Uranium, >90 g U/L
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PGDP personnd performed on-dte andyss of uranium bioassay samples. The urine samples
were measured for specific gravity, pH, sugar, and abumin levels. The uranium content was
measured using a previoudy zeroed and calibrated fluorimeter. A minimum of two aiquots
was measured from each sample. The measurements were averaged, the blank measurement
subtracted and the difference multiplied by the machine, factor which was caculated from
known uranium cdlibration solutions. The resulting product was recorded as the uranium in
urinevaue. Typicd detection limitsfor fluorimetry in the early years were around 0.005 mg
U/L. A draw back of the fluorimetry method was alack of isotope determination.

Uranium was the only nuclide routinely measured using bioassays, however alimited number
of samples were sent to externd facilities for measurement of plutonium and neptunium.

4.2.2 Work Area Monitoring

Work areamonitoring isimportant in radiological safety to identify areas of releases or
contamination. Periodic area monitoring can detect contaminants that would be difficult to
detect later by bioassay and can determine the sources of exposure detected by film badges.
Work area monitoring was conducted at PGDP by air sampling and area surveys.

4221 Air Sampling

Air sampling was used to monitor for both chemica and radiologicd airborne concentrations.
Spot air sampling was done to monitor specific areas or during maintenance jobs. Samples
were collected with a Staplex® high volume air sampler a aflow rate of 14 to 18 cfm (81 to
105 crmv/sec face vel ocity) using a Whatman #41 filter paper [42]. The period of sample
collection was likely job dependent, but is not readily discerned from the currently available
documents. Samples were normaly measured only for apha activity and the results were to be
reported to the appropriate supervisor.

Fixed continuous air monitors collected samples of generd air contamination for agiven
location. Fixed ar sampling devices were located as follows:

C-310 Product Withdrawa Room
C-315 Tails Withdrawa Room
C-340 Bomb Flling Area

C-340 Powder Unit 6" Floor
C-400 Ash Processing Area
C-400 Near Hand Decontamination Tables
C-400 Near Cdciner

C-400 Trace Cubide

C-410 East Tower Area

C-410 West Tower Area

C-420 2" Floor Process Area
C-710 Laboratory

C-720 Compressor Shop

C-720 Converter Shop
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Samples were collected usng Whatman #40 filter paper at aflow rate of 0.3t0 0.7 cfm (28 to
65 cm/sec face velocity) for 8, 16 or 24 hour sampling periods[42]. Results from the fixed
monitors were tabulated and a copy was sent to the Health Physics Department.  Specific jobs
or operations could aso be monitored using a Research Appliance Co. autometic changing roll
tape filter which used Whatman #4 filter paper operating at aflow rate of 0.1t0 0.2 cfm (9to 19
cm/sface velocity). The portable sampler could be operated for collection times of 2 to 24 hour
duration. Results would be caculated and reported to appropriate supervision. Eight
environmenta ar samplers were dso operated. The environmenta samplers were located
North, South, East and West of the plant at the perimeter fence and another sampler in the four
directions one mile outside the fence. Environmenta samplers used a 2-inch membrane filter
type AM-4 a aflow rate of 0.3 cfm (11 cm/sec face velocity) and operated for one week
durations. Environmenta sampling results were tabulated and reported in the monthly Hedlth
Physics and Hygiene Summary report.

Alphacounting of filter paper was done on parallel plate counters. Results were reported as
counts per minute (cpm) for spot samplers and disintegrations per minute (dpm) for both
portable and fixed continuous samples. Beta and gamma activity was measured using a
shiedlded Geiger-Muller tube and reported as dpm. The measured activities were calculated and
reported as dpm/meter®. These results are incorporated into the general exposure profiles
(Section 7.2) and worker exposure scenarios (Section 6).

4.2.2.2 Arealurveys

Area monitoring surveys were performed for dpha contamination and aso for betalgamma
contamination. Alpha monitoring was performed using a paper towel to take asmear over an
areaof 100 cn. The smears were counted and reported as cpm/100 cn transferable
contamination. Surveying of personnel conssted of checking clothing, shoe tops and hands.
Alphasurvey results were summarized and were reported to the gppropriate supervison. From
descriptions provided by the workers, however, the surveying of personnel was not routine,
rather only conducted on specid occasons. A number of survey instruments where available
[43] and the instrument name, range and a brief description are in the following Table 4.4.

Table4.4 Instrumentsfor area surveysa PDGP.

Name Type Range ¢/m/100 cm*
Samson Alpha Survey Meter Air lonization Chamber Up to 12,500
Modified Samson Alpha Survey Air lonization Chamber Up to 125,000
Meter
Gas Proportional AlphaCounter | Propane gas proportional counter Up to 160,000
Eberline Model PAC-3G 61 cnt surface area
Junos (Standard and High Air lonization Chamber Up to 6,000,000 or
Range) 83 cnf chamber area Up to 30,000,000
Parallel Plate Counters NA For low activity determination
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Beta particle and gammaray monitoring surveys conssted of measuring the dose rate at the
surface and at one foot from asource. In areas where a number of gamma sources were present
an isodose plot was made. The following table lists the available insruments for betalgamma
surveys. The dose rangeis based on cdibration by a cobalt-60 source. To approximate a beta
dose rate, the meter reading was to be multiplied by 2 [44].

Table4.5. Ingruments for beta/gamma surveys a PDGP.

I nstrument Type Range
Juno-SRJ-6 Air lonization Chamber 0—>5rad/hr
HRJ-6 Air lonization Chamber 0—25rad/hr
Modified HRJ-6 Air lonization Chamber 0-50 rad/hr
Nuclear Corp. GM tube 0—20 mr/hr
Precision Inst. Inc. GM tube 0— 20 mr/hr
Eberline Inst. Co. GM tube 0— 200 mr/hr
FCDA CD V-700 GM tube 0— 50 mr/hr
Cutie Pie lonization Chamber 0-5r/hr gamma
FCDA CD V-710 lonization Chamber 0-50r/hr gamma
Radector lonization Chamber 0-50r/hr gamma
SU-6 Pocket Radiac | onization Chamber 50— 500 r/hr gamma

4.2.3 Contamination Control and Protective Equipment Programs

The Team reviewed available documentation pertaining to contamination control and protective
equipment. Specifically, past Hedth Physics and Hygiene reports, Health Physics Inspection
reports, and worker interviews were useful in getting a better description of work conditions.
Additiondly, the DOE Phase |l report [2] provided a description of work conditions over time

at the PGDP.

The Phase |1 report stated that the PGDP contamination control program was “ineffective
through the mid 1980's’[2]. Some examples from hedth physics reports and worker interviews
that gppear to indicate an "ineffective’ contamination control program include:

1. There were times when the resulting dust covered everything in the building (C-410)
including the lunchroom tables that were located in the control tower [3,4].

2. In discussing the job of unplugging blocked towersin C-410 the workers reported that
they would stand under the tower and best the plug with astedl rod. The ash would than
fdl out ether into the barrd or onto the floor. They mentioned that on some occasions

they would be covered with black soot [5].

&
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3. Workers reported that there was dmost dways visble green powder on the floor in
building C-410 [3]. These conditions were confirmed by various health physics
ingpection reports and surveys through the 1960's and 1970's[6].

Reports from workers and some hedth physicsingpection reports indicate that respirator use
was a best “inconsstent” and often considered “voluntary” [2]. Additionally, there were reports
of persond clothing frequently contaminated above release limits without any corrective actions
being implemented by management [2]. Some examples that show these inconsstencies

include:

1. In many cases, after the fact, Hedth Physics recommended the use of respiratory
protection devices for pecific tasks with identified high arborne radioactive materia
concentrations. However, the evidence suggests that athough line management
acknowledged receipt of those recommendations, they were not dways implemented

[2].

2. Work was reportedly routinely conducted without the benefit of respirators on open
cascade components in process buildings that were known to contain transuranic
compounds. Respiratory protection was not always used during UFg releases in process
areas, and it was common for operators or Operations supervisors to enter the area of an
active UFg release without respiratory protection or other PPE in order to stop the
reease [2,3].

3. Itisapparent that into the late 70’ s guidance to employees alowed workers to choose
whether to use arespirator, and what type, based on their perception of odor or visible
fumesinthework area. It isevident that respirator use during this period remained
largely voluntary, since the guidance only recommended that personne leave the area of
ar contamination when necessary to obtain proper respiratory protection for the
contaminant encountered [2].

4. Useof company issued coverdlswas limited to certain work areas. In most areas
persona clothing was used. Evidence suggests that Paducah personnel routinely
exceeded persond clothing contamination limits without any corrective actions being
implemented by management [2].
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5.0 PRIOR RADIOLOGICAL AND HEALTH ASSESSMENTSAT
GASEOUS DIFFUSION PLANTS

Synopsis % Several prior exposure assessments have been done at the PGDP, and include an
internal and several external reports. Of particular interest were possible historical and
contemporary exposures to plutonium and neptunium. The primary internal report, titled
"Exposure Assessment - Uranium Recycle Materials in the Paducah Feed Plant” was put out in
draft formin 1987. This document was valuable from the historical perspective, although very
preliminary in nature. While some of the dosimetry has been difficult for the present Teamto
confirm and reconstruct, the document does identify groups of workers, processes and locations
wher e the workers had the potential for increased radiation exposure. An external exposure
assessment was also conducted in 1992 and some wor kers wer e selected for bioassay of TRUS.
The report assumes what are defined as some wor st case scenarios (based on 1990 air
monitoring data) and suggests that the probable exposures to TRUs would not likely exceed
regulatory limits. The Team had difficulty confirming and reconstructing some aspects of this
report, but does generally agree with the identification of the work areas that had increased
potential for radiation exposures. A re-evaluation of this report was done by another outside
group in 1993 and concluded that the writers of the 1992 report had made some assumptions
that may have overestimated the committed effective doses to selected organs (e.g. bone). The
present Team has done some similar modeling of internal doses based on available documents,
and these preliminary results are presented in Sections 7.5 of this document.

5.1 Introduction and Overview

During the 50-year operation of the Paducah Gaseous Diffusion Plant, there have been severd
radiologica assessments conducted. Some of the assessments and evaluations led to severa
sgnificant reports and documents that were used to guide the hedlth physics programs
implementation and managemen.

Because the prior radiological assessments are important in evaluating the historical agpects of
worker radiation exposures at the plant, the Team reviewed them.

5.2 Prior Radiological Assessments at the PGDP
5.2.1 Exposure Assessment - Uranium Recycle Materialsin the Paducah Feed Plant

Sponsor: Martin Marietta Energy Systems, Inc. Date of document: July 23, 1987. Author: R.
C. Baker with cover letter from D.J. Bostock [25].

Thisisa"draft" report that apparently was never findized, but was circulated interndly. The
report describes the input material, process description, employee assignments, work areas and
hours, nuclidesin feed plant aerosols, and estimates on annud airborne radiation exposure,
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The report estimated that 22°Pu and 23’Np provided 12% of the reported 1.54 rem average annual
combined total externa dose and 50-year committed effective dose equivalent. R.C. Baker
performed the cal culations based on average air concentrations and particle size of the agrosols.
Air sampling data used within the report appears to be based on fixed air sampling data

collected during routine operations within the C-410/420 building. Potential TRU exposures

from other tasks were not calculated. An ICRP modd (ICRP-30, Part I) was employed for
caculating doses.

This document was a"draft" and as such must be considered as not "find". The report lacked
supporting reference documents or explanations, thus the data and information has to be taken
a "facevadue'. There were many assumptions made in the modd that was employed, and the
basis for some of the assumptions was not clear and could be questioned based on other
documentation. However, the report does identify some of the locations having the potentid for
increased radiation exposure and the worker groups that may have been exposed to them and as
such, is conddered to be valuable document in the exposure assessment effort. Some of the
jobs/tasks that were addressed in this report include the feed plant operators, UO3 powder
handling, green sdt plant (C-420), fluorination tower operators and cold trap and refrigeration
systems maintenance. Some of the worker groups that were identified in this report were dso
confirmed in the present Exposure Assessment.

5.2.2 Personnd Exposure Potential to Transuranic Materialsat the PGDP (“I T Report™)

Sponsor: Martin Marietta Energy Systems, Inc. Date of document:  September 2, 1992.
Author: IT Corporation / Nuclear Sciences, Carol D. Berger, CHP [8]

This study used three methods to estimate historica exposures to uranium, plutonium, and
neptunium at the PGDP. The higtorica uranium urinalysis data, 1989-1991 air sampling deata,
and 1991 fecal bioassay datafor a small selection of employees (16 plus 2 control — most of
which were hired in the mid to late 1970s) were used separately to estimate historic exposures
to uranium, plutonium, and neptunium. Using these three approaches, the authors calculated the
"fraction of ggnificant exposure’. The"Sgnificant Exposure’ leve was defined at an inteke of
100% of the Annua Limit on Intake for each of the nuclides, an exposure of 2000 Derived Air
Concentration-hours, or acommitted effective dose equivaent of 5 rem. In each casethe
reported fraction of significant exposure was either 0.2 or 0.21. The team could not confirm
these cdculations.

Some serious concerns were noted regarding the study methodology including: 1) the use of
average vaues of datigicaly inggnificant numbers (including negetive biocassay results) to
determine doses, 2) the determination of dose assuming an acute intake 1, 5 and 10 years before
the bioassay sample does not address the question of what transuranic intakes might have been
16-39 years eaxrlier, 3) the workers sdlected for inclusion within the feca bioassay study were
hired in the mid-1970s however, the mgority of the reactor return work was conducted from
1953 through 1977, 4) dose estimates based on uranium urinayss results were based on only
two years of uranium urine data, and 5) dose estimates based on air sampling were based on air
sampling data collected from 1989-1991. It isunlikely that samples collected during thistime
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period represent air concentrations from 1953 to the late 1970s. The items noted above
contributed to the limited vaue of this report for the current exposure assessment.
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6.0 WORKER EXPOSURE SCENARIOSAND GENERAL
RANKING OF POTENTIAL RADIATION EXPOSURESBY
OCCUPATION, TASK AND LOCATION

Synopsis ¥ The ranking of the potential for worker radiation exposures was based on available
documentation, worker risk mapping sessions, and worker interview transcripts. Therelative
rankings are based on potential radiation exposures found to be associated with job tasks
and/or job groups (departments) and are not necessarily indicative of individual worker
EXPosUres.

In general the categories, which had increased potential for exposures from external radiation,
were similar to those for internal radiation.. The jobs/tasks that appear to involve the greatest
potential for radiation exposure included ash handling (C-410), cylinder heel cleaning (C-400),
derby processing (C-340), pulverizer operations (C-400), certain maintenance operations on
the fluorination towers (C-410), maintenance on cascade equipment (Cascades), cleaning of air
filters (baghouses for C-400, C-410, C-420, C-340), converter maintenance (C-720), flange
grinding (C-340, C-400, C-410, C-420), maintenance of the hydrogenation towers (C-340) and
decontamination building cleaning operations (C-400). Jobs/tasks that were classified as
having moder ate potential radiation exposures include cascade operators and instrument
mechanics (cascades), green salt sweeping (C-410, C-420), disassembly of compressor (C-720),
disassembly of block valves (C-720), drumming of green salt (C-340), and baghouse cleaning
for cascades (C-310, C-315). Other jobs/tasks were considered to have lower potential for
worker radiation exposure. The exceptions to the above were incidents, accidents and other
excursions where there was the potential for higher, usually shorter-term radiation exposures.
In the early years of the plant in particular, incidents of this nature were not uncommon. In
addition, due to lack of aggressive contamination control programs, contamination from
operations identified above presented potential exposures to surrounding work areas. Further,
legacy contamination generated from these operations could have posed a potential radiation
exposure to workersin later years.

6.1 Overview and Limitations

Information regarding potential worker exposures comes from the available historica
documentation, previous assessment reports, and worker interviews (DOE transcripts and group
interviews conducted by CPS). The worker interviews provided an ord history of the working
conditionsin the plant, a description of the tasks and how they were performed, the occurrence
of unusua Stuations, information regarding the use of personnd protection equipment, and
generd plant attitudes about the potentid for radiation exposure. One hundred and fifty workers
and former workers were interviewed in conjunction with the DOE Phase |1 Invedtigetion [2]. It
was determined that about 40 of these individuas had actudly worked in areas that were
considered to be associated with higher potentia for radiation exposures. About 40 other
individuas had worked in areas where moderate radiation exposures may have occurred.
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Basad on the tasks and jobs identified in historica documents, previous assessment reports, and
worker interviews, the Team developed exposure scenarios (Appendix F), which outline the
likely sources of radiation exposure dong with the work practices and work conditions
associated with the jobs and tasks.

Additiondly, the Team evauated the potentia for radiation exposure for the identified jobs and
tasks. There are some cautions on the interpretation of the "scenarios' presented in this section.
First, because apotentia for radiation exposure existed, it does not necessarily imply that
workers were thus "exposed”. Likewise, workers could have been "exposed” performing duties
or a locations not identified in thisreport. The intent hereisto provide agenerd overview and
first passranking of the potentia for exposure to both externd radiation (e.g. gammarays and
beta particles) and internd radiation (e.g., ingestion or inhdation of uranium, plutonium and

neptunium).
6.2 Evaluation of potential for radiation exposures

Thefollowing table summarizes the potentia for increased radiation exposure for many of the
important jobs and tasks performed in the PGDP during the years 1953 to 1978. Table 6.1
presents aranking of tasks by potential for increased radiation exposure. This ranking is based
on percelved hazard by the team and only indicates relative hazard, not necessarily a
quantitetive hazard. Table 6.1 indicates that many of the jobs and tasks associated with high
potentia for increased radiation exposure were performed in buildings C-410/420 and C-340.
In 1978 production in these buildings was phased out. Legacy contamination from these
processes would, however, dill have the potentid for radiologica exposure to workers entering
theseareas. To the extent possible, the rankings shown in Table 6.1 were compared against
exposure data from the provided dosmetry databases and historica hedlth physics reports and
found to be consstent. A direct comparison of the listed jobs and tasks with data from the
database was difficult since the eectronic datawas only linked to department numbers and not
to jobs, tasks, or buildings. Review of the data identified in the eectronic database is included
insection 7.

Table 6.1. Rdative Potentid for Worker Radiation Exposures

High Potential for I ncreased Radiation Exposure

Ash handling C-410

Cylinder hed dleaning C-400

Derby processing C-340

Pulverizer operations C-400

Unplugging fluorination towers C-410

Unplugging and maintaining C-420 equipment C-420

Maintaining cascade equipment Cascades

Baghouse cleaning C-400, C-410, C-420, C-340
Cleaning and maintaining hydrogenation towers C-340

Converter Maintenance C-720, C-409, C-400
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Hange grinding

Decontamination Bldg. Cleaning Operaions

C-340, C-400, C-410, C-420
C-400

M oder ate Potential for | ncreased Radiation Exposure

Cascade operators

Instrument mechanics

Green sdt sweeping

Disassembly of compressors
Disassembly of block valves
Drumming green st

Baghouse cleaning

Chemidgtry Laboratory

Machining

Electricad

Fabrication

Crawling cell and bypass housing
Product withdrawal
Tallswithdrawa

Crane operation

Replacement of UFg cylinder vave
Uranium recovery (solvent extract.)
Weding

L ow Potential for |ncreased Radiation Exposure

Cascades

All

C-410, C-420

C-720

C-720

C-340

Cascades, C-310, C-315
C-710

C-720

All

C-720

Cascade buildings

C-310

C-315

C-400, C-410, C-420, C-340
outsde C-400

C-400

C-410, C-420, C-720

Drum crushing

Building access

Guard patrolling

Maintenance on roof

Midnight negetives

Smdting

Burid of pyrophoric uranium in landfills
Grounds keeping

Lubrication

Spraying cooling towers w/ fungicide
Cooling tower operations

C-746

C-340

All

C-340
cascades
C-746

C-749

All

All

Cooling towers
Cooling towers

Special Incidences or Activities- High Potential for I ncreased Radiation Exposure

C-310 fire, 1956
C-337 fire, 1962

C-340, explosion and fire, 1962
Two workers overexposed, 1968
C-315 fire, 1978

C-310
C-337

C-340
unknown location
C-315
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Cascade improvement program, 1958-1962 Cascades

Cascade improvement program, 1974-1982 Cascades

Neptunium production C-400

Materias Releases Many

There were some jobs that had a greater potential of radioactive materias being ingested or
inhaded. Theseincluded the processing and converson to UF,, fluorination, powder
pulverization, various decontamination activities and most of the operations associated with
uranium meta production. Additionaly some jobs, particularly around the ash receivers, had
greater potentid radiation exposures to beta and gamma radiation from concentrated uranium
daughters and various fisson products. There was dso increased potential for dust inhdation
around the ash recelvers. These operations were dl carried out in C-400 (decontamination
building), C-410, C-420 (feed plants) and the metds building (C-340).

Except when maor remodeling was being done on the cascades (C-331, C-333, C-335 and C-
337), they appear to have had fewer potentia sources of radiation than the buildings mentioned
above (C-340, C-400, C-410, C-420). Much of thiswas due to the negative pressure that was
maintained on most of the cascade piping. Because of this, leaks resulted in atmospheric air
being sucked into the system rather than UF¢ gas being vented to the outside. There were
enough exceptions, however, to periodicaly create a potentialy higher radiation exposure.
Examples were compressor maintenance, valve repair, etc. When these occurred, the system
would be opened up with resulting increased potentia for exposure to operators and

mai ntenance mechanics.

Based on worker interviews, the potential for exposures in the cascades increased during the
cascade improvement and upgrade programs of 1958-1962 and 1974-1982. Oneinteresting
practice was what was known as "crawling the pipes'. This occurred when the cascade system
was opened up for maintenance or repairs. Operators from the cascades or C-400 would be sent
into the pipes to remove debris. A variation on this occurred during the cascade upgrade
programs when decontamination workers scrubbed out the pipes. At first glance, this should
have been a very risky practice because of the presence of uranyl fluoride. However, it appears
that unless an aerosol was created and inhaled, the risk may not have been as high as perceived.
On the other hand, there were maintenance operations that did create dust and based on some of
the analyses reported for TRU activities in dust samples, there could have been some potential
exposures to radioactive materials.

The product and tails withdrawa buildings form a specia case. When the PGDP first started
operations, C-315 (tails withdrawa) was stated by some workersto be the most "hazardous'
building onthe Site as far as exposure to radioactivity was concerned. The worker interviews
indicate that with time, the conditions in this building improved and it was their perception that
it was also sofer.

The trade' s personnd, including eectricians, welders, machinists, etc., were potentialy exposed
to radiation when performing maintenance on equipment where radioactive materids may have
accumul ated.
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Mogt of the other personnel do not appear to have been routindly at risk, except possibly during
accidents, incidents or materias releases or possibly from exposures to legacy contamination
from prior operations which were not well characterized or controlled [2].

6.3 Descriptive Exposure Scenarios

For some of the primary occupations and or assignments where the exposure potential was
generdly percelved by the Team to be the greatest, a scenario for these "occupations' is
provided in Appendix F and includes the following:

Table6.2. Exposure Scenarios

Operations Workers L ocation
Ash recelvers and fluorination Operators and maintenance mechanics C-410
Towers Feed plant
Cylinder heds Operators, cylinder movers C-410
Feed plant
Cylinder heds cleaning Operators C-410
Feed plant
Derby processng Operators C-340
Metds
Pulverizer operations Operators and maintenance mechanics C-400
Unplugging and maintaining oxide Operators and maintenance mechanics C-420
Converson equipment Oxide
Conversion
Plant
Cascade maintenance Operators and maintenance mechanics C-331, C-333,
C-335, C-337
Baghouse cleaning Operators C-400, C-410
C-420, C-340
Hydrogenation tower cleaning Operators and maintenance mechanics C-340
and maintenance Metds
Spray cleaning operations Operators C-400
Hange grinding Maintenance mechanics and machinists C-720
Cascades
Green sat sweeping and Operators and janitors C-400, C-410
Drumming C-420, C-340
Disassembly of compressors and Maintenance mechanics, compressor C-720
Block valves mechanics
Huorine cooling tower Carpenter C-340
Carpentry
Baghouse cleaning (cascades) Operators C-331, C-333
C-335, C-337
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Operations Workers L ocation
Instrument maintenance Instrument mechanics Cascades
C-400, C-410,
C-420, C-340
C-310, C-315
Machine Shop Machinigts C-720
Electrica work Electridans
All
Product withdrawal Operators C-310
Product
Withdrawa
Tailswithdrawa Operators C-315
Tals
withdrawal
Crawling the pipes Operators, welders C-331, C-333,
C-335, C-337
Cascades
Midnight negatives Everyone outside the cascades Vidnity of
Cascades
Cooling tower operators Seff Water towers
Fire suppression Frefighters C-310, C-315
C-720
Cascade improvement Operators and maintenance mechanics C-331, C-333
C-335, C-337
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7.0 INFORMATION REGARDING WORKER EXPOSURES
BASED ON DATABASES, AIR SAMPLING RECORDS AND
HEALTH PHYSICS REPORTS

Synopsis % Based on thispreliminary review it is estimated that 2,500 to 4,000 workers worked in
areas with moderate to high potential for increased radiation exposure. From the databases, it
was nhoted that about 200 workers received in excess of 1 rem/yr from external radiation exposures.
Departments and work areas with potential for elevated worker radiation exposures were identified
fromworker interviews, dosimetry database queries and historic health physics summary reports
and inspection reports. Areasidentified included: Feed Plant (C-410/420), Decontamination
Building (C-400), Metals Building (C-340), and the Cascade Buildings (C-331, C-333, C-335,
C-337). Primary Departments identified included: Process Operators (Depts. 5730, 5646, 5751),
Chemical Operators (Depts. 5760, 5785), Maintenance Mechanics (Depts. 5002, 5027, 5034, 5035,
5048), Instrument Mechanics (Dept. 5075), and Electricians (Dept. 5077).

Worker interviews emphasized that contamination control was limited. For example, personnel
monitoring (frisking) did not occur routinely until the 1990s. Respirator usage was reported as
inconsistent at best. Workers noted that radiation monitoring badge readings in excess of the
limits were in many cases assumed to be invalid. Some of these issues were included in the Phase
Il report [2].

Preliminary “ spot checks” of the provided electronic dosimetry databases indicate that the
electronic data may be incomplete and/or inaccurate. A quality assurance/quality control
(QA/QC) check of the worker radiation exposure e ectronic databases isrecommended. This
QA/QC check should provide additional information concerning the accuracy of the data entries
and implications to the relative ranking of the potential for increased worker radiation exposures
and the conclusions of thisreport. Further, it is apparent that some elevated worker radiation
exposure data identified in source documents (Health Physics reports) are not included within
electronic database tables. Some of the exposures from incidents and accidents may also not have
been recorded in the database. The Team strongly recommends the review of the original
dosimetry records. All partiesinvolved from the outset of this study recognized the need for this
review.

Finally, it should be noted that from 1953-1961, only workers believed to have the potential for
increased radiation exposures were monitored. It isapparent from subsequent data that some
exposures received during this time frame may have not been measured.

7.1 Overview and limitations

Reaults of persond externd radiation exposure measurements, uranium urinalyses, and in vivo
counting results were tabulated in unverified databases supplied by the contractor. The contractor,
the Team and dl other parties involved recognized the following limitations in the use of these
databases, such as.
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While early Hedlth Physics reportsindicate thet limited in vitro bioassay monitoring for
transuranics was conducted, there are no transuranic urindysis data in the eectronic
databases prior to 1989.

The higorica urinayss databases did not indicate the type of sample (routine, specid, eic.)
that was collected, the solubility class or enrichment, when gpplicable, of materid being
monitored.

The databases have not been verified againgt any of the origina records.

The databases have not had any QA/QC evaluations.

The databases are not complete, for example, it was determined that &t least some elevated
data from exposures as aresult of incidents and accidents were not included in the
electronic database. The databases may contain data entry errors.

Some of the units used in the databases are not clearly documented.

Not al department numbers found in the Hedlth Physics reports could be corrdlated with the
department numbers recorded in the eectronic databases.

Adequate quantitative information regarding detection limits of thein vivo and in vitro
bioassay data was unavailable and prevented quantitative interpretation of these
mesasurements.

A recent verification effort of the external dosmetry databases (“History Tape’) showed alarge
number of discrepancies. [47]

Based on the above, the information in the databases should not be used at thistime to estimate
individua worker doses. A QA/QC check of the PGDP worker radiation exposure eectronic
databases is recommended. This QA/QC check should identify the implications of this new
information to the relative ranking of the potentia for increased radiation exposure to workers and
conclusons of this report.

7.2 Available Radiological Records

In performing this preliminary assessment of historical worker radiation exposures at the PGDP,
the Team used severd sources of information to gain an understanding of the types and levels of
radiation exposures encountered in various buildings, operations, jobs, and tasks. During the
limited data gathering phase of the project the Team identified and obtained sources of information
including: 1) dosmetry databases, 2) previous exposure assessment reports, 3) Hedth Physics
Reports, and 4) worker interviews.

Information obtained from worker interviews was used to quditatively rank jobs/tasks based on
potentia for increased radiation exposure (Section 6). The quantitative data from the dosmetry
databases, previous assessment reports, and historica hedlth physics reports were used for the
exposure rankings and estimates included in this section of thereport. A summary of the available
quantitative data isincluded in the following sections.

7.2.1 Dosimetry databases

The dosimetry databases provided for the PGDP site consisted of 31 separate tables. A summary
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of the datatables and a brief description of each are provided within Table 7.1. The datatables
listed in bold type are those that were most often used in this report.

Table 7.1. Available dectronic databases for this assessment

Data Table Timeframe Summary of Contents No. of
Records
BDMS_INTERNAL_DOSE 1997-1998 Internal doses (CEDE, mrem) 2688
BDMS_PARTICIPANT_APPOINTMENT_DATA  1993-1997 Urinalysis results (dpm/sample) 945
BJC_INTERNAL_DOSE 1997-1998 Internal doses (CEDE, CDE, mrem) 387
DRS_89 THRU_96 1989-1996 External doses (deep, shallow doses, mrem) 64758
DRS_97_THRU_98 1997-1998 External doses (deep, shallow doses, mrem) 2556
Employer_Company_Codes Department and subcontractor codes 3959
HIS20_EDD_CALCULATED_EXPOSURE 1984-1998  Calculated external doses (deep, shallow doses, mrem) 2766
HIS20_EDD_INACTIVE_IRD_EXPOSURE 1960-1998  Calculated external doses (deep, shallow doses, mrem) 110232
HIS20_IDD_AIR_RECORD 1998 Air sampling data 3
HIS20_IDD_CDE 1989-1998 Internal doses (CDE, mrem) 20117
HIS20_IDD_DOSE_RECORDS 1989-1998 Dose calculation methods 77621
HIS20_IDD_BIO_RECORDS 1989-1998 Bioassay methods 77619
HIS20_IDD_DETAIL 1989-1998 Radionuclides tested (HIS20_IDD_BIO_RECORDS) 152376
HISTORY_TAPE 1953-1988 Personnel gamma and beta exposure data 92195
MONITORING_TECHNIQUES_CODES Monitoring technique codes 17
OHIS_EXTERNAL_DOSE 1981-1997 TLD whole body and shallow dose data 79685
OHIS_EXTREMITY_DOSE 1990-1995 Extremity dose data 1374
OHIS_HP_SCHEDULE 1987-1998 Employee monitoring schedule 10845
OHIS_INTERNAL_DOSE 1989-1996 Assigned internal doses 61871
OHIS_INVIVO 1989-1991 Lung count data 1024
OHIS_JOB_HISTORY 1986-1998 Individual work history (Id, building, dept #) 37829
OHIS_REIRS 1989-1996 Total Effective Dose Equivalent data 19682
OHIS_URINALYSIS 1989-1997 Urinalysis results 118380
PGDP_ANALIS_URINE 1989-1997 Urinalysis test specifications 157432
PGDP_HISTORICAL_URINE 1977-1988 Uranium (ug/liter) and beta (dpm/ml) urinalysis results 52568
PGDP_LIMS_URINE 1997-1998 Urinalysis results (uranium, beta, fluorides, glucose, protein) 13667
Reason_Codes Reasons for bioassay sampling 29
TEAMUP_EXTREMITY 1988-1990 Extremity and deep dose data 1015
TEAMUP_SUBCONTRACTORS 1988-1993 Extremity and deep dose data for subcontractors 4385
Historical_In Vivo_Data 1969-1985 Lung count data (uranium, U-235, Tc-99, and Np-237) 5037
Historical_Urinalysis_Data 1952-1977 Uranium urinalysis results 107,074

Thetermsin vivo and in vitro are used to describe the internd radiation monitoring data. 1n vivo
data means that results are determined from placing a radiation detector on or near a person to
detect the radiation emitted from radioactivity within the person's body or within a portion of the
person's body. This can be aso referred to as adirect measurement and includes whole body counts
and lung counts. This technique directly measures the materia in the body at the time of
measurement. In vitro data means that a person provided a biologica sample (usudly urine, but it
could be any excreta, feces, blood, hair or tissue) that is subsequently analyzed in alaboratory to
determine the type(s) and quantity (quantities) of chemica(s) or radioactivity that is present. Thisis
referred to as an indirect measurement. To determine the activity within the individua requires an
understanding of how the materia behaves in the body.

For the purposes of this report, the Team concentrated on four data tables that included the
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higtorica urindyds results, in vivo monitoring results and external monitoring results.

A. Higtorica Interna Data
1. Higtoricd In Vivo Data, 1969-1985, 5,037 records of whole body counts.
Datawas included for total uranium, enriched uranium, technetium and
neptunium. Thisis referred to below as database "Al".
2. Higtorica Urindyss Data, 1952-1977, 107,074 urindlysisrecords. Results
were expressed asmg U/l. Thisisreferred to below as database "A2".
B. PGDP Dosmetry Data
1. History Tape, 1953-1988, 92,195 dosimeter records. Thisisreferred to
below as database "B1".
2. PGDP Higtorica Urine, 1977-1988, 52,568 urinalyss records for uranium in
ny U/l and gross betain dpmvl. Thisis referred to below as database "B2".

Database B2 was of limited use because only vaues below 99 ng U/l of urine are included, which
may have been atruncation error. The higher values may have been reported in another database
that the Team did not recelve. The Team found and documented a number of discrepancies,
indicating that a QA/QC evauation of the database would be appropriate. An example of such a
discrepancy is an incident report of a 1986 release that occurred in C-720 indicating that severd
individuas received increased exposures. The two highest urine sampleswere listed as 13 mg U/l
and 5 mg U/l [45]. Severd devated urine samples recorded in the incident report, including the
results of 13 mg U/l and 5 mg U/l were not included in the database B2.

The data within database A2 do not indicate the type of sample (i.e,, routine, specid, physicd,
efc.). There are dso deficiencies such as missing data from this database that were found in the HP
monthly reports, especidly for the 1950's. For example, a January 1953 report [46] describes the
following incident: a material release occurred about 10:37 PM on 1/30/53, in C-410, and eight
Union Carbide (plus 14 congtruction) workers were exposed. All 22 urine samples were positive
for uranium, the average being 0.283 mg/l. The average for the eight Union Carbide workers was
0.37 mg/l, with a minimum of 0.08 mg/l and amaximum of greeter than 0.8 mg/l. The average
caculated from the database based on the highest 8 samples on 1/30/53 was 0.08 mg/l with a
maximum of 0.25 mg/l. Further there were no samples dated 1/31/53.

The B1 database, the historica external dosmetry data (“History Tape’), has numerous
discrepancies when comparing fields within the database itself. The discrepancies were noticed
when comparing recorded val ues for “ penetrating dose” and “skin dose” with * gamma exposure’
and “betaexposure’. The fidds should conform to the following formula: “penetrating dose”’
equas“gammaexposure’ and “skin dosg’ equas “gammaexposure’ plus “betaexposure’. A
PGDP Assessment Tracking Report dated 5/23/00 indicates thet there are 6,382 records within the
database for which the aforementioned fields do not compare based on the above formulas. One
case, mentioned in the report, indicates a 5,604 mrem gamma exposure and O mrem penetrating
dose [47].

7.2.2 Health Physics Reports

Hedth Physics monthly summary reports and hedlth physics ingpection reports were used to
determine airborne levels associated with various areas and tasks, estimating fractions of
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transuranics associated with various operations or aress, identifying genera externd exposure
levels associated with various operations or areas, and identifying aress, jobs, and departments with
greater potentid for radiation exposures. Health Physics summary reports were obtained from
1953 — 1968 [89]; however, the set of reports was not complete. Hedlth physicsinvestigation
reports for C-410, C-420 and converter maintenance operations were identified for the period from
1961 — 1977 [54-58]. This st of reports was aso incomplete. None of these reportsincluded
information specifying sampling or andytica methods.

7.2.3 Previous Assessment Reports

Previous assessment reports including the 1987 Baker report [25] and the DOE Phase |1
Investigation report [2] were used to determine areas and tasks of higher potentid radiation
exposure aswell as to provide data used in some of the dose estimates included within section 7.5.

7.3 Information Related to External Doses

Synopsis ¥ The potential for increased external radiation exposure was more likely to occur in
Buildings C-410/420, C-400, C-340 and C-720. Although only one external dose in excess of 5
remin a calendar year was recorded on the provided electronic database, the provided electronic
data indicate that approximately 200 individuals received external dosesin excessof 1 remina
calendar year. Health Physics Summary reports from the 1953-1959 timeframe indicate numerous
badge readings in excess of established weekly plant action levels (e.g., Nov. 1956 HP report
shows 13 badge readings above the plant allowable limit of 300 mrem/week, with the highest being
1010 mrem/week), but it was reported that workers were kept below regulatory limits through job
rotation. Health physics reports and worker interviews identified several areas and/or jobs
(primarily where uranium daughters and transuranic materials were likely to concentrate) with
high area doserates. For example, a beta-gamma dose rate as high as 105 rad/hour was identified
in C-410 one foot from the Ash Receiver [48]. Worker doses were reportedly kept within
regulatory limits by shortening the time spent performing tasks in these areas/jobs. Some workers
indicated that badge readings in excess of the plant action level were in many cases invalidated
and a dose was not assigned [ 33] .

7.3.1 External dosmetry valuesfrom database

7.3.1.1 Departments with the greatest number of eevated recorded external doses

The average recorded cumulative dose of penetrating radiation received by the workersis derived
from the recorded electronic data at PGDP and is presented by department in Table 7.2. The
number of workers given in this table should gpproximate the number of employeesin the
departments during the time interval consdered. Because some workers were assgned to more
than one department, this Table overestimates the total number of badged workers. The primary
utility of the andysis shown in Table 7.2 isto rank departments and groups of workers with
recorded radiation doses. This preliminary analyss should not be used for estimating worker’s
cumulative externa radiation exposure without further QA/QC of the data.
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Table7.2. Average recorded cumulative penetrating dose and the number of workers assgned to
each department during the years 1953-1988. Datais by department and doses are in mrem.

Average
Dept cumulative Number of
# Description dose (mrem) workers
5751 Feed Plant Operators 3,814 185
5760 Decontamination 2,788 116
5034 Feed Plant Mechanics 2,587 929
5015 Unknown 2,025 17
5676 Unknown 861 14
5730 Cascade Operators 627 578
5785 Chemical Operators 595 113
5075 Instrument. 538 245
5020 Unknown 481 17
5008 Trangportation Pool 371 33
5002 Process Maintenance 364 578
5108 Environ. Control 338 48
5268 Unknown 316 236
5077 Hlectricians 298 318
5005 Mat. Term. Mgr 295 90
5772 PEMU Decontamination 253 22
5759 Unknown 220 4
5049 Unknown 182 12
5725 Unknown 175 20
5044 Mech. Ingpection 170 113
5021 Plant Services 147 486
5770 Convert. Test 145 23
5035 Feed Plant Mechanics 143 160
5019 Unknown 142 13
5740 Nitrogen Plant 142 22
5646 Metdsbuilding 132 95
5674 Unknown 129 8
5048 Fabrication Shops 127 667
5023 Unknown 115 24
5675 Unknown 114 7
5743 Steam Plant 111 61
5027 Unknown 110 282

Total: 4,706

From the data summarized above, it is apparent that the workersin the feed plant (operators (dept.
5751) and by the mechanics (dept. 5034)) received the highest recorded doses. The feed plant was
located in buildings C-410 and C-420. The decontamination building workers (depts. 5760 and
5785) in Building C-400 also had the higher recorded doses. Next were the operators (dept. 5730)
in the cascade buildings (buildings C-331, C-333, C-335, C-337).
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The average recorded cumulative skin dose per worker by department isgivenin Table 7.3. Again,
these data were obtained from the unverified database.

Table 7.3. Average recorded cumulative skin dose received by workers during the years 1953
1988. Datais by department and doses are in mrem.

Dept Avg. Cum. Number of
# Description Dose (mrem) Workers
5751 Feed Plant Operators 15,834 185
5760 Decontamination 12,369 116
5034 Feed Plant Mechanics 9,767 99
5676 Unknown 4,104 14
5785 Chemicd Proc. 3,794 113
5015 Unknown 2,385 17
5035 Feed Plant Mechanics 1,968 160
5002 Process Maintenance 1,954 578
5730 Cascade Operators 1,824 578
5075 Ingtrument 1,407 245
5759 Unknown 1,315 4
5772 PEMU Decontamindion 1,223 22
5674 Unknown 1,171 8
5077 Electricd 987 318
5675 Unknown 953 7
5020 Unknown 937 17
5027 Converter Shop 933 282
5005 Mat. Term. Serv. 931 90
5646 Unknown 903 95
5268 And. Chem. 877 235
5096 Laundry 851 31
5770 Converter Tet 836 23
5024 Equipment Maintenance 586 172
5636 Unknown 581 8
5061 Unknown 575 22
5108 Environmentd Control 572 48
5008 Trangportation Pool 557 33
5049 Unknown 519 12
5048 F&brication Shop 517 667
5044 Mechanicd Inspect. 511 113
Total: 4,312

The results for the skin dose follow those for the penetrating dose with minor exceptions. Once
again, the workers at greatest potentid for increased radiation exposure were employed in the feed
plant, decontamination building and the cascades.

From the total number of workersin Tables 7.2, 7.3, and 7.6 (number of workersin the urinadyss
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program by priority department), and consdering that the numbers are conservative in that some
workers most likely were assigned to multiple departments, it is estimated that from 2,500 to 4,000
workers worked in areas with moderate to high potentia for increased radiation exposure.

7.3.1.2. Buildings with the greatest number of higher recorded externa doses

Using Table 7.2 as abasis, the higher external doses appeared to have been in buildings C-400, C-
410, C-420, and C-340. On the average, fewer higher doses were observed in the cascade buildings
C-331, C-333, C-335, and C-337. Thisgenerdly confirms the work locations for increased
potentia for worker radiation exposure derived from the worker interviews, plant operations and
historical records as summarized in Table 7.2. There is an important caveet with these conclusions.

In the early days of the plant, not al of the workers were badged, so these conclusions would bias

the findings to those who were badged over the entire period (such is the case with the feed plant).
Additionadly, it is apparent, based on data collected from 1961-1988, that some workers from 1953-
1961 would have had unrecorded exposures.

7.3.1.3. Recorded externa doses over time

The average dose (in mrem) received by the workersin each year from 1953-1988, asrecorded in
the electronic database, was reviewed and is summarized in Table 7.4. Included in thistable are
the average radiation doses per worker, the maximum-recorded annua doses for any single worker
for that year and the number of workers that were in the database. The minimum-recorded dose for
each year was zero.

The highest average externa doses were clearly received during the first decade of the operation of
the plant and then generdly declined after that. Some of the increases observed during the mid-
1970's (e.g., 1975 and 1978) may have been the result of the second cascade improvement program
(1974-1982).

Table 7.4. Average recorded doses to penetrating radiation per worker per year from 1953 to
1988. Included are the maximum exposures recorded for any single worker for that year. The
doses arein mrem.

Year Average Recorded Dose | Maximum Recorded Dose Number of Workers
(mrem)* (mrem)
53 139.8 820 223
54 283.5 1580 284
55 241.9 2500 417
56 358.6 4700 471
57 251.7 3190 669
58 185.3 3630 661
59 201.5 2360 570
60 201.1 2510 526
61 177.0 2530 1690
62 149.5 2980 1479
63 144.1 3040 1311
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Year Average Recorded Dose | Maximum Recorded Dose Number of Workers
(mrem)* (mrem)
64 734 1860 1219
65 341 1610 1128
66 31.7 1470 1138
67 49.8 1120 1143
68 61.8 1400 1241
69 73.3 1970 1270
70 41.7 840 1273
71 62.4 1380 1254
72 58.9 1760 1288
73 53.0 1830 1404
74 26.5 1030 1624
75 50.1 1049 2013
76 35.1 1224 2426
77 23.2 742 2643
78 39.9 359 2613
79 8.2 364 2487
80 18.2 344 2308
81 7.6 420 1840
82 6.5 350 1617
83 6.7 340 1452
84 9.2 420 1434
85 6.1 350 1365
86 9.6 490 1244
87 8.0 470 1275
88 6.5 720 1359
*The large number of zero vauesin the database would reduce the average vaues below what they
redigicaly may have been.

7.3.2 Example of data availablein health physicsreports

Monthly Hedlth Physics Reports or excerpts of reports were obtained for the years 1953 through
1968. These reports contain monthly dose information, including identification of workers with
recorded doses that exceeded the monthly site control level. Of interest were the departments and
locations where the doses exceeded the monthly control level. When these levels were
documented, the workers were reportedly transferred to a different work location or department,
such that their yearly exposures would remain within the regulatory limitsin force a the time.
Severd examples were extracted from these monthly reports and generally support the categories
described in Section 6 and Section 7.3.1. Table 7.5 is an example of average externd doses
received by the groups of workerslisted in severa buildings over a2-month period of 1956.
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Table7.5. Dosmeter badge data for January and February, 1956.

January, 1956 February, 1956
Avg. (betatgamma) Avg. (betatrgamma)
Location mR/week mR/week
C-400 operator 72 438
C-410 operator 61 438
C-315 operator 21 12
C-410 maintenance 82 61
C-410 ingtrument 39 23
C-410 éectrical 15 27
C-410 utility 0 8

The dosmeter badge data shows that the radiation exposure of the C-400 and C-410 operators was
relatively greater than that of the C-315 operators. It can aso be seen that the C-410 maintenance
mechanics were a dightly higher potentid for increased radiation exposure than the C-410
operatorswere. Rdatively higher exposures were aso received by some the C-410 insrument and
electrical mechanics. Asnoted earlier in this report, not al PGDP workers wore film badges

during this period.

7.4 Information Related to Internal Doses

Synopsis % The Team determined that increased potential for internal radiation exposures was
encountered at the PGDP in areas and operations identified within Section 6.0 of thisreport. It
was determined that some workers could have had internal radiation exposures that would have
exceeded regulatory limits. This may include on the order of 10% of the 2,500 - 4,000 workers at
risk for higher exposures. Some of the areas where workers had increased potential for internal
exposures included C-400, C-410/420, C-340, C-720 Converter Shop, Cascade Maintenance, etc.,
and were generally similar to those areas where there were increased potentials for external
exposures. The electronic urinalysis data was used primarily for purposes of determining these
departments and areas. The Team feels that use of this data for further assessment of dose at this
stage would be premature.

The Team identified apparent inconsistencies with the el ectronic database and source documents.

It was also reported by several workers|[3] that urine samples submitted after materials releases
or accidents were always given “ within a half hour after the incident” . If subsequent samples were
not taken, intakes from these incidents may not have been identified. Some workers recollected
that the follow-up samples were provided if the initial "special sample" exceeded the plant action
guide level. Thisfurther raisesissues regarding the use of the uranium urinalysis data for

purposes of estimating intakes and cumul ative doses.

To provide a preliminary estimate of internal doses at select locations available air sampling data
were used along with assumed stay times. The Team concluded that internal exposures to
radioactive materials for these identified tasks/areas may have, in some workers, approached or
exceeded current regulatory limits.
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Monitoring internal doses of uranium and particularly the TRUs typically require much grester
efforts by both the worker and the employer than monitoring externa doses, which are recorded on
dosmeters (e.g., film badges or TLDs). While generd areaair monitoring provides an indication
that workers may be receiving interna exposures, it has been found that this non-localized area
monitoring does not dways agree wdl with individuas persond air sampling results or with their
bioassay results. While individua bioassay data or persond air sampling resultsis best used to
esimate individud interna doses, areaar sampling can provide arough estimate of possible
internal exposures.

Bioassays require the worker to either leave the work place to be monitored with externd radiation
detectors (in vivo) or to provide excreta samples (in vitro) for radioactivity or fluorimetric anayss
The results of individual monitoring are interpreted based on a known or assumed exposure
scenario, that mugt take into account the time, duration and mode (e.g., inhaation) of exposure and
the physica and chemica characteristics of the materid that enters the body. Using currently
accepted moddl s that describe how the materid is distributed over timein the body, the time-
welghted distribution of radioactive materid is used to determine individua organ radiation doses,
which can be reported directly or weighted and summed to provide an estimate of an individud's
interndl effective dose.

At the PGDP, employees with potentia for higher uranium exposures were required to submit
urine specimens for uranium analysi's on a schedule that was determined by their perceived
potentia exposure. Additionally, the employees were required to undergo periodic physica
examinations. Some employees were aso whole body counted to assess the amount of uranium
within them. The worker biocassay results for uranium are documented in the urinays's detabase,
the in vivo database and the monthly heglth physics summaries.

While the presence of transuranics in the feed materials was known as early as 1953, the potentia
for sgnificant worker exposures to plutonium and neptunium was not fully recognized until later in
the decade when it was appreciated that Paducah had a“Np problem”, but it was not known if it
was serious [49]. This same memo [49] stated “ There were possibly 300 people at Paducah who
should be checked out but they hesitate to proceed to intensive studies because of the union’s use
of this as an excuse for hazard pay.”

Actud neptunium and plutonium bicassays, especidly early on, appear to have been limited to a
small number of workers[34] and very limited TRU bioassay data have been identified to date. As
noted earlier, none of the transuranic in vitro bicassay data appears in the eectronic database urtil
1989. Theearliest in vivo transuranic results in the database are dated 1969. Whole body count
resultsfor Tc-99 arefirst recorded in the database in 1977. No bioassay results for other fisson
products are included in the databases, but because of the lower activity to dose conversion factors,
it isnot believed that these other radionuclides contributed significantly to individuds interna

doses.

Because determination of internad doses from bioassay data requires a rigorous understanding of
the bioassay methodol ogies employed and the exposure scenario, and because much of this
information is currently incomplete or inadequate only a quaitative assessment of the bioassay
resultsis provided.




Information Regarding Worker Exposures Based on Databases, Exposure Assessment Project at the Paducah
Air Sampling Records and Health Physics Reports Gaseous Diffusion Plant

7.4.1 Departmentswith greatest number of higher recorded uranium urinalysesresults

Data from the PGDP higtorical urine database were used to determine the departments where

higher exposures to uranium were likely to have occurred. Various scenarios were crested and the
data were sorted and analyzed in avariety of ways, including ranking by maximum and average
uranium bicassay results. Essentidly, al gpproaches resulted in smilar rankings (from highest
measured values to lower values) by department and the tasks/jobs associated with that department,
if known. The number of workersin each department, and the start and end dates (e.g. 1955 ='55))
for the department areincluded in Table 7.6.

Table 7.6. The generd ranking in descending order of the uranium bioassay results sorted by
department. The number of workers and the start and end years for the department as listed in the
database* .

Number of Start End No.

Dept  Description Workers ~ Year Year Years
5305 Unknown 1 55 58 4

5096 Laundry 14 53 77 25
5646 Meds 51 52 77 26
5731 Unknown 35 52 77 26
5733 Unknown 37 52 77 26
5751 Feed Plant Operators 209 51 77 27
5002 Process Maintenance 213 52 77 26
5034 Feed Plant Mechanics 126 51 77 27
5760 Decontamination 113 52 77 26
5035 Feed Plant Mechanics 59 52 77 26
5054 Unknown 1 54 60 7
5676 Unknown 7 56 62 7
5093 Fire Department 42 52 77 26
5730 Cascade Operators 316 52 77 26
5048 Fabrication Shop 261 53 77 25
5027 Convert. Shop 196 52 77 26
5075 Indrument 200 51 77 27
5077 Electricd 239 53 77 25
5268 Andyticd Chemistry 202 52 77 26
5770 Conversons Tedt. 4 74 77 4
5772 PEMU decontamination 13 75 77 3
5784 Smdter 15 74 77 4
5785 Chemica Processng 42 68 77 10

Totd: 2,396

*From database Table A2 titled “ historica urinalysis data, 1952-1977".

The data provided for Department 5305 (Table 7.5) islikely an error in the database asonly 1
worker was listed in that "department”. Likewise, examination of the raw data for the laundry
department indicates that its high ranking might be mideading. Thisis because the high vaue was
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dueto two readings of 15 mg inasngleindividud taken two weeks apart. Other vduesfor this
individud, either immediately prior or after these high vaues were less than 10 pg/l, thusthese
vaues might be erroneous.

The results show that the feed plant (dept. 5751), decontamination (depts. 5760 and 5785) and
metals (dept. 5646) operators combined with maintenance mechanics (depts. 5002, 5027, 5034,
5035, and 5048) from the feed plant and probably the metas operation had the highest potentia for
radiation exposures.

7.4.2. Example of uranium bioassay data available in monthly health physicsreports

The monthly heglth physics reports for the period from about 1955 through the mid-1960's included
monthly or quarterly uranium bioassay results. These reports provide some information on

bioassay methods, the period when the sample was collected, and the number of workersin given
departments with bioassay results grester than the plant action levelsin effect at the time.
Representative data for selected periods are presented here.

The following table (Table 7.7) isa summary of the urinalysis data for December 1961 to March
1962.

Table7.7. Hedth Physcs (HP) Summary Report of Urindyss data for December 1961- March
1962. The datais presented in % of samples greater than 10 ng U/l, which was the action leve for
resampling.

Percent of Samples> 10 pg U/I
Dept Dec-61 Jan62 Feb-62 Mar-62
5001 13
5002 49 63 70 63
5034 67 66 68 66
5048 18 8
5075 70 72 84 60
5077 52 39 83 36
5268 19 27 6
5730 19 26 24 15
C-340 54 71 85 79
5751 58 74 39
5760 26 13 52 46
Misc. 14 13 23 17

The above table supports the findings of the data analyss performed on the urinalysis database
indicating that certain groups of workers in building C-340 and/or departments 5751, 5002, 5034,
5075 had a greater potentid of radioactive materia intakes.
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7.4.3 Invivoresultsfrom database

Asearly as 1959, when it was redlized that some workers might be at risk for exposuresto TRUS,
some lung counting was initiated. In 1959, "four plant personnd who worked with neptunium-237
solution” were sent for whole body counting. Their results were reported as "negative’ [2],
indicating that no neptunium was detected. "In March of 1962, 14 workers including those with the
greatest potentia exposure to neptunium and uranium were selected from various locationsin the
plant” [27] for whole body counting. It was reported that none had body burdens that exceeded
50% of the dlowable limit for 22’Np [27]. Asearly as 1961, there were discussions of bilding a
whole body counting facility at the PGDP to monitor workers for exposures to both neptunium and
uranium [50, 51]. Thiswhole body counter was never constructed.

Later, amobile whole body counter was used and selected workers were assayed [2]. Some of the
workers indicated that persons selected for the whole body counting were those who could be
released from their duties at the time, or volunteers, rather than workers who were specificaly
identified based on predetermined criteria. The provided database includes whole body counting
records dating from 1969 through 1986 consisting of gpproximately 5,000 records (approximately
3,200 include a neptunium result). Approximately 2,200 of the records were from 1980 through
1986.

The Team could not locate much technica information on the early whole body counting program,
but later literature suggested some cdlibration and standardization deficiencies, which may have
aso existed with the earlier equipment and methodologies. A 1990 preliminary evauation of the
mobile whole body counter [90] notes, "the counter's capability for andysis of the above-
referenced radionudlides [uranium, neptunium, plutonium and americium] with the exception of U-
235, issomewhat questionable.” The referenced mobile counting system included a shielded sted
room and two large sodium iodide detectors [size not specified]. Itisnot clear from this report
whether or not this was essentialy the same system used in erlier years. 1t was noted that only
efficiency calibrations for U-235 used multiple strength measurements to verify linearity. No
cdibration records prior to 1989 could be located. Additionaly, it was noted “that the resolution
of the goectrum can be insufficient to identify pesks in the presence of background radiation.”

It was noted that “MDA levels have been specified for [sic] as- 83 g for U-235 and as - 4 mg for
U-238. MDAsfor Np-237, Tc-99, Pu-239, and Am-241 were not specified. Theindicated levels,
at least for U-238, appear to be optimistic based on spectra observation at K-25 and Portsmouth.”

Again the Team issues some caution in the use of the data summarized below because the
databases have not been verified nor could the capahilities of the counter be determined.

However, to gain someindication of the departments where rdatively higher values were recorded,
the Team took the highest 100 records and sorted them by department and by radionuclide. All of
the departments where aworker in the top 100 was recorded are listed in Table 7.8.




Exposure Assessment Project at the Paducah Information Regarding Worker Exposures Based on Databases,
Gaseous Diffusion Plant Air Sampling Records and Health Physics Reports

Table 7.8. The number of workers with the highest 100 reported in vivo results of uranium,
technetium and neptunium sorted by Department. The data were obtained from the
electronic database for the years 1969 - 1975.

Number of workersin top 100
Degpt. Enriched U. Tot. U Tc

Z
o

5796 Unknown

5785 (Chem. Proc)
5770 (Converter test)
5760 (Cascade)

5751 (Feed plant)

5730 (Cascade)

5646 Unknown

5269 (Tech. Lab)

5268 (And. Lab)

5152 Unknown

5109 (Personnel Svc.)
5108 (Environ. Control)
5096 (L aundry)

5077 (Electricd)

5075 (Instrumentation)
5048 (F&brication shop)
5035 (Compressor shop)
5034 Unknown

5027 (Converter shop)
5024 (Equipment maint.)
5022 (Machine shop)
5021 (Plant services)
5008 (Trangportation)
5002 (Maintenance)
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The departments with the largest number of workers with the highest enriched uraniumin vivo
results were maintenance, feed plant and cascades. For tota uranium, the feed plant and converter
shop had alarger number of elevated results. For technetium, the departments were the converter
shop, cascade, compressor shop and maintenance. For neptunium, the converter shop and the
maintenance workers had the higher numbers. These general departmenta categories are
congstent with the departments and worker categories identified in other parts of this report having
increased potentials for worker radiation exposure.

7.5 Internal Dosimetry Modeling for Selected Operationswith Higher
Concentrations of Transuranics

This section describes the methods used to provide an estimate of the magnitude of internd
exposures from selected operations identified with an increased transuranic source term.  Interna
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dose estimates are made for average and high exposure scenarios. For the purpose of this
assessment and based on the PGDP recorded data, it is assumed that plutonium, neptunium,
thorium-230 and uranium are the more significant contributors to internal dose for thesetasks. At
the end of this section less rigorous estimates of interna doses from other radioactive materials,
i.e., technetium and sdlect fisson products are provided to show that they would not result in
significant additiona contributions to doses in these select aress.

For the transuranics, there arefew in vivo (e.g., whole body or lung counts) or in vitro (e.g., urine
or feces samples) measurements of the materia in PGDP workers.  Therefore results of area
arborne radioactivity measurements are used to determine the potential dose to hypothetica
workersin identified areas or performing identified tasks. It can't be stated strongly enough - these
caculated doses are estimates of potential exposure to individuals and are based on average results
of areaar sampling data. At thistime, no concerted attempt has been made to try to determine the
vdidity of matching this air sampling datawith individua worker exposures. In particular, it is
frequently reported in the literature that generd areaar sampler results may differ by two orders of
meagnitude from breething zone samplers (primarily due to a dilution effects), that air sampling
results frequently don't agree with bioassay results and that dust loading of air samples may result

in under reporting dphaar concentrations. 1n addition, information on the methods employed for
counting the air sample filters was not available.

What these calculations do show is whether or not there could have been sgnificant interna
exposures, especialy from transuranic materialss, to workers who performed these sdlect tasks or
were in these selected areas. These caculations show that there may have been unacknowledged,
but sgnificant, internad exposures that have not to date been included in some workers doses.

751 Air Sampling Data

The average and maximum airborne concentrations presented in Table 7.8 are based on fixed- head
ar sampling results from 1961 through 1977 and were derived from Hedlth Physics Air Sampling
Log books, Monthly Health Physics Ingpection Reports and assessments [54-59]. The average
airborne concentrations reported ranged from 5 — 500 dpm/nt® based on approximately 135 months
of data and the maximum airborne concentrations reported ranged from 225 — 5900 dpm/n? based
on gpproximately 36 months of data. It should be noted that the reports often stated that maximum
vaues were not included in the reported monthly averages. Additionally, Baker [25] notes that he
made estimates of 20-year [July 1953 to 1973] average air concentrations. The air concentrations
were usualy reported in units of apha disintegrations per minute per cubic meter (dpm/nt),
athough occasiondly the air concentration for a particular radionuclide was reported. In thislatter
case, it isnot evident how the particular radionuclide was identified and quantified by the PGDP.

In most cases, where the average va ues from both Baker and the Monthly Hedlth Physics
Inspection Reports were available, the results were smilar.

The maximum air concentrations reported in Table 7.8 were caculated by taking the arithmetic
mean of the monthly maximum airborne concentrations reported during the time period from 1961
through 1964. When results differed significantly from one reference to another, the concentration
selected for use in this report was generdly the one that was ether supported by the most
documents or the one that was closer to amiddle vaue.
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7.5.2 Radionuclide Assumptions

Baker [25] notes that equd fractions of uranium-234 and uranium-238 were in the dust in these
aress, 0 for this assessment it is assumed that the uranium was neither enriched nor depleted. For
some of the air sampling data thorium-230 and neptunium-237 results were noted. For this
assessment it is assumed thet al plutonium is *°Pu, dl neptunium is 2'Np, dl thorium is2°Th and
the uranium is composed of 0.489 234U, 0.00225 %*°U and 0.489 38U.

Because intakes of equd activities of different radionuclides result in different doses it is

necessary to determine how much of each radionuclide was present in the mixture. For most of the
areas it was assumed that the fractions of radionuclide activity reported by Baker in 1987 were
reasonable. Baker notes"Data from afew samples of dust in process systems and the many
andlyses of feed materials were used with material balance data to estimate the TRU and 2*° Th
content of dust in the various work aress of the feed plant.” He also notes that dust in the
fluorination tower areamay have had sgnificantly different concentrations than he reported when it
was rarely opened to access components. For the C-410 Operations tasks, except the ash receiver,
the plutonium, neptunium, thorium and uranium fractions used in caculations are the same as
Baker's. The radionuclide fractions for the pulverizer and ash receiver are based on arange of
vaues identified in the Baker report [25], Oak Ridge Operations Task Force report on uranium
recycle materids processing [88] (which references Fernald sampling data), and HP summary
reports [60, 61]. Fractions for the converter salvage line and converter maintenance line are based
on hedlth physics inspection reports [57, 58].

Different chemica compounds of a given radionuclide clear from the lungs a different rates. This
difference in clearance times results in different dose conversion factors for different chemical
classes of agiven radionuclide. The chemica forms of materias, and for uranium the percentage
of enrichment, to which workers were exposed is an area of significant uncertainty. For the most
part, this assessment uses the assumptions used by Baker in sdlecting chemica class (or type) of
materid. All chemica forms of neptunium are listed as Class W or Type M by the ICRP.
Plutonium oxideislisted as Class Y or Type S by the ICRP. All other forms are assumed to be
ClassW or type M. Itisassumed that plutonium exposuresin these areas are primarily to ClassW
or type M materids. The ICRP lists thorium oxides and hydroxides as Class Y or Type S, and dll
other forms as ClassW or Type M. It isassumed that thorium exposures in these areas are
primarily to Class W or Type M.

Uranium, UFg, UO,F; and UO,(NOs), arelisted by the ICRP as Class D or Type F. UOs3, UF, and
UCI, arelisted as Class W or Type M. UO-, U3Og and other insoluble oxides are listed as Class Y
or Type S. Thefollowing are assumptions and their bases for uranium chemicd class assgnment:

The workers in the C-410 Control Room were exposed to UO2F, fumes and UF, dudts. This
assessment assumes, as Baker did, that the exposure in the C-410 Control Room wasto
100% Class W uranium [25].

It is assumed that uranium in the Green Sdt Plant was Class W [25].
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The workersin the Cold Trap area were exposed to UO3, UF, and occasiondly to UO,F.
This assessment assumes, as Baker did, that the exposure in the Cold Trap areawasto
100% Class W uranium [25].

The workers in the Huorination Tower area were exposed to UF, and UO,F,. Consistent
with Baker, it is assumed that uranium in the Fluorination Tower areawas 60% Class D and
40% Class W [25].

Baker assumes that operators in the Powder Handling area were exposed to UO3. This
assessment assumes that insoluble oxides may aso have been present in the Powder
Handling area and assigns uranium exposures to 50% Class W and 50% Class Y .[25, 36]

The Pulverizer areais assumed to have a uranium chemica source term that is Smilar to the
Fluorination tower, and therefore uranium classes are designated as 60% Class D and 40%
ClassW [25].

The uranium in the converter salvage and converter maintenance areais dl assumed to be
Class D materid.

It should be noted that the above assumptions regarding chemica dassfication of the radionudides
arejust that - assumptions. Exposuresto thelesssoluble Class Y or Type S materiadsin certain
areas of the plant are consdered likdly.

7.5.3 Worker exposure periods

The assumed number of hours of exposure for the following areas are smilar to those reported by
Baker for the C-400 Control Room, the Green Salt Plant, the Fluorination Tower, the Cold Trap
and the Powder areas. Based on discussions with worker, dight (and subjective) modifications to
these numbers were made. Discussions with workers were also the basis for exposure times on the
pulverizer, the ash receiver, the converter sdvage line, and in the converter maintenance area. The
estimate of hours for the converter maintenance areawas adso supported by job/task anayses
documented in Hedth Physics Ingpection Reports [57, 58].

7.5.4 Edimatingintake

The above assumptions regarding air sampling concentrations, radionuclides and their fractiona
contributions, and the number of hours exposed are used to ca culate radionuclide-specific air
concentrations. These air concentrations are then used with an assumed worker breathing rate of
1.2 cubic meter per hour to calculate intakes.

While there certainly is some statistical uncertainty in the presented data, it is not clear how to
properly quantify this satisticad uncertainty, because of the unavailability of the origind
caculations and calibrations of the collection and counting equipment. The numbers here are
based on reported data that did not include background counting data, source counting data,
cdibration data or mention of uncertainty in the find reported numbers. Additiondly, the purpose
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of these cdculations is to provide a starting place to determine if additiond datais needed. These
caculations should be consdered preiminary.

Table 7.9 shows estimates of intakes for three worker scenarios. All scenarios are based on a
worker being in an area or working on atask for the given number of hours per year and assumes
no benefit from the use of respiratory protection. The different work scenarios are defined as
folows

C-410/420 Operator who worked in the areas listed in the Tables,

C-400 Operator who worked on Converter Salvage and the Pulverizer, and
Converter Maintenance Mechanic who worked on converter maintenance during
periods of elevated airborne radioactivity.

It should be noted that the above scenarios were chosen because of the available data for these

areas. Thisdoes not mean that there were not other areas where transuranic materials were

sgnificant components of the radioactive source term. In fact, the Phase 11 Independent
Investigation of the Paducah Gaseous Diffusion Plant (Feb. 2000) report identifies transuranics as
ahazard in anumber of other areasin the plant [2].

Table 7.9. Edimations of Air Concentrations and Intakes by Radionuclide for Selected Jobs/Areas

Pu-239 Work |Average Fraction Average Average|Maximum Fraction Maximum Maximum
Hours |Alpha Pu-239  Pu-239 Air Intakein|Alpha Pu-239  Pu-239 Air Intake in
per Year 3 Concentration a Year, 3 Concentration a Year,

dpm/m pCilcc dpm dpm/m uCilcc dpm

Control Room, C-410 300 10 0.09 4.1E-13 324 50 0.09 2.0E-12 1620

Green Salt Plant, C-420 300 100 0.00033 15E-14 12 1300 0.00033 1.9E-13 154

Cold Trap 200 20 0.07 6.3E-13 336 100 0.07 3.2E-12 1680

Fluorination Tower, C-410 200 80 0.09 3.2E-12 1728 1000 0.09 4.1E-11 21600

Powder Handling, C-410, 200 80 0.00033 1.2E-14 6 1300 0.00033 1.9E-13 103

C-420

Ash Receivers 75 117 0.15 7.9E-12 1580 1000 0.35 1.6E-10 31500

Pulverizer 50 75 0.15 5.1E-12 675 1200 0.35 1.9E-10 25200

Converter Salvage Line, 50 28 1 1.3E-11 1680 161 1 7.3E-11 9660

C-400

Converter Maintenance N.A.

Np-237 Work |Average Fraction Average Average|Maximum Fraction Maximum Maximum
Hours |Alpha Np-237  Np-237 Air Intakein|Alpha Np-237  Np-237 Air Intake in
per Year 3 Concentration a Year, 3 Concentration a Year,

dpm/m uCilcc dpm dpm/m uCilcc dpm

Control Room, C-410 300 10 0.007 3.2E-14 25 50 0.007 1.6E-13 126

Green Salt Plant, C-420 300 100 0.00018 8.1E-15 6 1300 0.00018 1.1E-13 84

Cold Trap 200 20 0.005 4.5E-14 24 100 0.005 2.3E-13 120

Fluorination Tower, C-410 200 80 0.007 2.5E-13 134 1000 0.007 3.2E-12 1680

Powder Handling, C-410, 200 80 0.00018 6.5E-15 3 1300 0.00018 1.1E-13 56

C-420

Ash Receivers 75 117 0.007 3.7E-13 74 1000 0.01 4.5E-12 900

Pulverizer 50 75 0.007 24E-13 32 1200 0.01 5.4E-12 720

Converter Salvage Line, 50 502 1 2.3E-10 30120 5787 1 2.6E-09 347220

C-400

Converter Maintenance 50 50 1 2.3E-11 3000 500 1 2.3E-10 30000
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Th-230 Work |Average Fraction Average Average|Maximum Fraction Maximum Maximum
Hours |Alpha Th-230 Th-230 Air Intakein|Alpha Th-230 Th-230 Air Intake in
per Year dpm/m 3 Concentration a Year, dpm/m 3 Concentration a Year,

pCilcc dpm pCilcc dpm

Control Room, C-410 300 10 0.025 1.1E-13 90 50 0.025 5.6E-13 450

Green Salt Plant, C-420 300 100 0.000028 1.3E-15 1 1300 0.000028 1.6E-14 13

Cold Trap 200 20 0.02 1.8E-13 96 100 0.02 9.0E-13 480

Fluorination Tower, C-410 200 80 0.025 9.0E-13 480 1000 0.025 1.1E-11 6000

Powder Handling, C-410, 200 80 0.000028 1.0E-15 1 1300 0.000028 1.6E-14 9

C-420

Ash Receivers 75 117 0.143 7.5E-12 1506 1000 0.34 1.5E-10 30600

0

Pulverizer 50 75 0.143 4.8E-12 644 1200 0.34 1.8E-10 24480

Converter Salvage Line, 50 58 1 2.6E-11 3480 602 1 2.7E-10 36120

C-400

Converter Maintenance N.A.

Uranium Work |Average Fraction Average Average|Maximum Fraction Maximum Maximum
Hours |Alpha 3 Uranium Uranium Air Intakein|Alpha 3 Uranium Uranium Air Intakein
per Year Concentration a Year, Concentration a Year,

dpm/m uCilcc dpm dpm/m uCilcc dpm

Control Room, C-410 300 10 0.878 4.0E-12 3161 50 0.878 2.0E-11 15804

Green Salt Plant, C-420 300 100 0.999462 45E-11 35981 1300 0.999462 5.9E-10 467748

Cold Trap 200 20 0.905 8.2E-12 4344 100 0.905 4.1E-11 21720

Fluorination Tower, C-410 200 80 0.878 3.2E-11 16858 1000 0.878 4.0E-10 210720

Powder Handling, C-410, 200 80 0.999462 3.6E-11 19190 1300 0.999462 5.9E-10 311832

C-420

Ash Receivers 75 117 0.7 3.7E-11 7371 1000 0.3 1.4E-10 27000

Pulverizer 50 75 0.7 24E-11 3150 1200 0.3 1.6E-10 21600

Converter Salvage Line, 50 554 1 2.5E-10 33240 3879 1 1.7E-09 232740

C-400

Converter Maintenance 50 50 1 2.3E-11 3000 500 1 2.3E-10 30000

7.5.5 Estimating doses

The estimated intakes were multiplied by the gppropriate chemica class fractions, enrichment
fractions and dose conversion factors in the EPA's Federad Guidance Report No. 11 (EPA-520/1-
88-020, September 1988) to obtain the 50-year committed effective doses equivaent (CEDES) and
the 50-year committed doses equivaent (CDES). The results are presented by radionuclide in
Table 7.10. Theseresults are summed in Table 7.11 to obtain the estimated total dose for the
different areas and tasks. The dose conversion factors for this preliminary assessment are based on
ICRP 30 methodology and assume a particle size of 1 mm Activity Median Aerodynamic Diameter
(AMAD). It should be noted that Baker [25] assumed particle sizes of 4 and 10 mnm AMAD in his
Pu-239 and Np-237 dose calculations. A memo dated March 11, 1960 [49] noted that the
transuranics materids at PGDP had a particle size of "0.5 nm, the very worst size, biologically
pesking”.  No actua study of particle Szes at PGDP, including locations of measurement,
messurement methodol ogies and results of measurements has been located. The Baker report was
the only one reviewed that used particle szes that differed from 1um AMAD in dose cdculations.

Based on worker transcripts, it is gpparent that many individuals worked in these areas and/or tasks
for time periods ranging up to 15 years. To estimate potentid exposures for time periods other than
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1 year, the results from Tables 7.10 and 7.11 can be multiplied by the gppropriate number of years
to obtain an estimate of the potential exposure.

Based on the above scenarios, it is seen from the Tables that the dose equivaent due to internally
deposited radioactive materials may have resulted in some worker radiation exposures thet
approached or exceeded current regulatory limits.  The Tables show that the average cal culated
CEDE vduesfor agiven job/area range from about 0.7 rem per year to about 8 rem per year. The
maximum caculated CEDE vdues for a given job/area range from about 7 rem per year to about
100 rem per year. It should also be noted that a worker was not necessarily excluded from working
indl three jobs/areas.

Because of the changing methods of calculating and regulating internd doses, it is not aways clear
how alimit in effect at given time should be applied. Because the doses equivadent calculated in
Tables 7.10 and 7.11, are based on ICRP 30 methodology, it is reasonable to compare them to the
limitsin ICRP 30. Note that these are not regulatory limits that were in effect a the time of
exposure, but current internationa standards on which 10 CFR 835 and 10 CFR 20 limits are
based. The ICRP 30 limit, aso referred to asthe Total Effective Dose Equivaent (externa dose
plus committed internd dose), is5 rem in ayear which means that the CEDE (internal doses
caculated in the tables above) should not exceed 5 remin ayear. The ICRP 30 limit for organs
and tissues (e.g., lung and bone surfaces) is50 rem in ayear.

In summary, the doses equivalent calculated in this section are based on fixed-head air sampling
results and assumptions regarding worker locations and stay-times. The results indicate thet prior
to 1980, some workers doses may have approached or exceeded current regulatory limits. It
should also be stressed that the calculated doses equivaent are preliminary estimates based on the
currently available data
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Gaseous Diffusion Plant

Table 7.10. Edimations of annual hypothetical workers doses for given jobs/areas by

radionuclide

Pu-239

Based on AVERAGE Air Concentrations

Based on MAXIMUM Air Concentrations

Control Room, C-410
Green Salt Plant, C-420
Cold Trap
Fluorination Tower, C-410
Powder Handling, C-410, C-420
Ash Receivers
Total
Pulverizer
Converter Salvage Line, C-400
Total
Converter Maintenance

Np-237

Control Room, C-410
Green Salt Plant, C-420
Cold Trap
Fluorination Tower, C-410
Powder Handling, C-410, C-420
Ash Receivers
Total
Pulverizer
Converter Salvage Line, C-400
Total
Converter Maintenance

Th-230

Control Room, C-410
Green Salt Plant, C-420
Cold Trap
Fluorination Tower, C-410
Powder Handling, C-410, C-420
Ash Receivers
Total
Pulverizer
Converter Salvage Line, C-400
Total
Converter Maintenance

Uranium

Control Room, C-410
Green Salt Plant, C-420
Cold Trap
Fluorination Tower, C-410
Powder Handling, C-410, C-420
Ash Receivers
Total
Pulverizer
Converter Salvage Line, C-400
Total
Converter Maintenance

Hours| Intake CEDErem Lung CDE Bone Intake CEDErem Lung CDE Bone
per dpm rem Surface dpm rem Surface
Year CDE-rem CDE-rem
300 3.2E+02  6.3E-02 9.3E-03 1.1E+00 | 1.6E+03 3.1E-01 4.7E-02 5.7E+00
300| 1.2E+01  2.3E-03 3.4E-04 4.2E-02 | 1.5E+02  3.0E-02 4.5E-03 5.4E-01
200 3.4E+02  6.5E-02 9.7E-03 1.2E+00 | 1.7E+03 3.2E-01 4.8E-02 5.9E+00
200 1.7E+03  3.3E-01 5.0E-02 6.1E+00 | 2.2E+04 4.2E+00 6.2E-01 7.6E+01
200| 6.3E+00  1.2E-03 1.8E-04 2.2E-02 | 1.0E+02 2.0E-02 3.0E-03 3.6E-01
75| 1.6E+03  3.1E-01 4.6E-02 5.6E+00 | 3.2E+04 6.1E+00 9.1E-01 1.1E+02
7.7E-01 1.1E-01 1.4E+01 1.1E+01 1.6E+00 2.0E+02
50| 6.8E+02 1.3E-01 1.9E-02 24E+00 | 25E+04  4.9E+00 7.3E-01 8.9E+01
50| 1.7E+03  3.2E-01 4.8E-02 5.9E+00 | 9.7E+03 1.9E+00 2.8E-01 3.4E+01
4.6E-01 2.8E-01 8.3E+00 6.7E+00 1.0E+00 1.2E+02
N.A.
Based on AVERAGE Air Concentrations Based on MAXIMUM Air Concentrations
Hours| Intake CEDErem Lung CDE Bone Intake CEDErem Lung CDE Bone
per dpm rem Surface dpm rem Surface
Year CDE-rem CDE-rem
300| 25E+01  6.1E-03 6.8E-04 14E-01 | 1.3E+02 3.1E-02 3.4E-03 6.9E-01
300 6.5E+00  1.6E-03 1.7E-04 3.5E-02 | 84E+01 2.0E-02 2.3E-03 4.6E-01
200| 2.4E+01  5.8E-03 6.4E-04 1.3E-01 | 1.2E+02 2.9E-02 3.2E-03 6.5E-01
200 1.3E+02  3.3E-02 3.6E-03 7.3E-01 | 1.7E+03 4.1E-01 4.5E-02 9.2E+00
200| 3.5E+00 8.4E-04 9.3E-05 19E-02 | 56E+01 1.4E-02 1.5E-03 3.1E-01
75| 74E+01  1.8E-02 2.0E-03 4.0E-01 | 9.0E+02 2.2E-01 2.4E-02 4.9E+00
6.5E-02 7.2E-03 1.5E+00 7.2E-01 8.0E-02 1.6E+01
50| 3.2E+01  7.7E-03 8.5E-04 1.7E-01 | 7.2E+02 1.8E-01 1.9E-02 3.9E+00
50| 3.0E+04  7.3E+00 8.1E-01 16E+02 | 3.5E+05 8.4E+01 9.3E+00 1.9E+03
7.3E+00 8.1E-01 1.6E+02 8.5E+01 9.3E+00 1.9E+03
50| 3.0E+03  7.3E-01 8.1E-02 16E+01 | 3.0E+04 7.3E+00 8.1E-01 1.6E+02
Based on AVERAGE Air Concentrations Based on MAXIMUM Air Concentrations
Hours| Intake CEDErem LungCDE Bone Intake CEDErem Lung CDE Bone
per dpm rem Surface dpm rem Surface
Year CDE-rem CDE-rem
300 9.0E+01  1.3E-02 2.4E-03 3.2E-01 | 45E+02 6.6E-02 1.2E-02 1.6E+00
300| 1.0E+00 1.5E-04 2.7E-05 3.6E-03 | 1.3E+01  1.9E-03 3.5E-04 4.7E-02
200 9.6E+01  1.4E-02 2.6E-03 3.5E-01 | 48E+02 7.0E-02 1.3E-02 1.7E+00
200| 4.8E+02  7.0E-02 1.3E-02 1.7E+00 | 6.0E+03 8.8E-01 1.6E-01 2.2E+01
200| 54E-01  7.9E-05 1.4E-05 19E-03 | 8.7E+00 1.3E-03 2.3E-04 3.1E-02
75| 1.5E+03 2.2E-01 4.0E-02 5.4E+00 | 3.1E+04 4.5E+00 8.2E-01 1.1E+02
3.2E-01 5.8E-02 7.8E+00 5.5E+00 1.0E+00 1.4E+02
50| 6.4E+02 9.4E-02 1.7E-02 2.3E+00 | 24E+04 3.6E+00 6.6E-01 8.8E+01
50| 3.5E+03 5.1E-01 9.3E-02 1.3E+01 | 3.6E+04 5.3E+00 9.7E-01 1.3E+02
6.0E-01 2.2E-01 1.5E+01 8.9E+00 1.6E+00 2.2E+02
N.A.
Based on AVERAGE Air Concentrations Based on MAXIMUM Air Concentrations
Hours| Intake CEDErem Lung CDE Bone Intake CEDErem Lung CDE Bone
per dpm rem Surface dpm rem Surface
Year CDE-rem CDE-rem
300 3.2E+03  1.1E-02 9.5E-02 1.6E-02 | 1.6E+04 5.3E-02 4.8E-01 8.2E-02
300 3.6E+04 1.2E-01 1.1E+00 19E-01 | 47E+05 1.6E+00 1.4E+01 2.4E+00
200| 4.3E+03  1.5E-02 1.3E-01 2.3E-02 | 22E+04 7.3E-02 6.6E-01 1.1E-01
200| 1.7E+04  3.4E-02 2.1E-01 8.8E-02 | 2.1E+05 4.3E-01 2.6E+00 1.1E+00
200| 1.9e+04 5.7E-01 5.7E+00 1.0E-01 | 3.1E+05 9.3E+00 9.3E+01 1.6E+00
75| 7.4E+03  1.5E-02 9.2E-02 3.86-02 | 2.7E+04 5.5E-02 3.4E-01 1.4E-01
7.7E-01 7.3E+00 4.5E-01 1.2E+01 1.1E+02 5.5E+00
50| 3.2E+03  6.4E-03 3.9E-02 16E-02 | 22E+04 4.4E-02 2.7E-01 1.1E-01
50| 3.3E+04  3.9E-02 2.0E-02 1.7E-01 | 23E+05 2.7E-01 1.4E-01 1.2E+00
4.5E-02 5.9E-02 1.9E-01 3.2E-01 4.1E-01 1.3E+00
50| 3.0E+03  3.5E-03 1.8E-03 1.6E-02 | 3.0E+04 3.5E-02 1.8E-02 1.6E-01
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Table7.11. Estimated hypothetical workers annual doses for selected areas/jobs based on air sampling

results

Assumption:

Materid is assumed to be a mixture of class W Pu-239, class W Np-237, class W Th-230 and amixture of classes D and W natura
uranium

Worker and Area or Job Based on AVERAGE Air Concentrations Based on MAXIMUM Air Concentrations
Hours per| CEDE rem Lung CDE Bone Surface| CEDE rem Lung CDE Bone Surface

year rem CDE rem rem CDE

rem

C-410/420 Operator

Control Room, C-410 300 0.093 0.11 1.6 0.46 0.54 8.1
Green Salt Plant, C-420 300 0.12 1.1 0.27 1.6 14 3.5
Cold Trap 200 0.099 0.14 1.7 0.50 0.72 8.4
Fluorination Tower, C-410 200 0.47 0.28 8.6 5.9 3.4 108
Powder Handling, C-410, C-420 200 0.58 5.7 0.14 9.4 93 2.3
Ash Receivers 75 0.56 0.18 11 11 2.1 226

Total 1275 1.9 7.5 24 29 113 356

C-400 Operator

Pulverizer 50 0.24 0.077 4.9 8.7 1.7 181
Converter Salvage Line, C-400 50 8.2 0.97 183 92 11 2058
Total 100 8.4 1.0 188 101 12 2238

Converter Maintenance Mechanic

Converter Maintenance (during period 50 0.73 0.08 16 7.3 0.82 164
of elevated airborne radioactivity)
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7.5.6 Fisson Products

Internd doses from fission products, such as technetium-99, will tend to be sSgnificantly lower
than interna doses from the radionuclides noted in section 7.5.3. Thereason for thisis two-fold.
Thefractiond activity in the airborne materid will tend to be lower then the fractiond activity of
uranium, thorium or the transuranic materia, depending on the process. And the dose conversion
factors generdly will be smdler.

For workers in the feed plant, Baker [25] estimates an annua deposition of technetium-99 in the
pulmonary region of the lung to be no more than 1000 dpm. Dividing thisintake by the depogtion
fraction of 0.25 resultsin an annua intake of 4000 dpm. The intake is multiplied by the

appropriate dose conversion factor in the EPA's Federal Guidance Report No. 11 (EPA-520/1-88-
020, September 1988) to obtain the 50-year committed effective doses equivaent (CEDES). The
more conservative Class W conversion factor, 2.25E-9 Sv/Bq (1.35E-5 Rem/dpm), is chosen to
provide the more consarvative estimate of dose. The resulting annual dose estimate is 0.02 mrem.

It is sugpected that doses may have been higher during technetium-99 recovery operations
conducted in buildings C-710 and C-400.

A number or reports indicate that internd doses at PGDP from fission products are not significant
compared to the internal doses from the a pha emitting radionuclides, however, no quantitative
information was found regarding fisson product concentrationsin air or dust at PGDP. It should
be noted that there are areas in the feed plant and in the cascade where fisson products reportedly
concentrate. Whileit is expected that these materias pose more of an externd radiation hazard
than an interna radiation hazard, a more quantitative assessment would better answer this
question.

7.5.7 New |ICRP Modds

In the last decade, new criteriaand models for controlling and caculating internal doses have been
developed and adopted by the Internationa Committee on Radiation Protection (ICRP). In
particular, new vaues for weighting organ doses have been defined in ICRP 60. A new lung
model has been devel oped that provides amore redistic basis for radioactivity retention and
excretion that can be modified to specifically address different breathing patterns, and dlows
knowledge of the dissolution and absorption behavior of different materiasin the lung to be used
in assessments. Also, new metabolic mode s that are believed to more redisticaly modd materia
behavior in the body and that address systemic excretion have been set forth in ICRP 67 and ICRP
69. For theinterested reader, dose calculation results for the intakes presented in Table 7.9 are
presented in Appendix G using these new models which are calculated with dose conversion
factors from ICRP 68 for particle sizes of 1um and 5um AMAD.

7.6 CombiningInternal and External Dosesfor a Selected Group of Workers

At thistime the available data is not robust enough to estimate the tota interna plus external dose
for an average worker or amaximally exposed worker at the PGDP. However, an attempt is made
to estimate an average and a high dose to a group of workers believed to have received higher
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transuranic exposures as described in Section 7.5. The Hedth Physics Summary Reports [89]
include limited data regarding maximum and average externd doses for these workers. The datais
reported as average and maximum milliroentgen per week in nine monthly reports dated from June
1956 to March 1959 and was reported as milliroentgen per month in reports dated from August
1959 to November 1963 for workers listed in C-410 operations, C-410 maintenance, or department
5751. The arithmetic mean of the reported average monthly vaues and maximum monthly values

for C-410 operations and maintenance were determined to be approximately 40 milliroentgen per
month and 550 milliroentgen per month respectively. For the estimates provided in this section it

is assumed that one roentgen equals one rem.

The estimates above are converted to annud exposure estimates by multiplying the monthly vaues
by twelve. Based on these estimatesit is estimated that the C-410 operations and maintenance
workers could have received an average external dose of 0.48 rem/year and a maximum of 6.6
rem/year.

Because workers were reportedly rotated through jobs at unspecified intervas, this may be an
overestimate of potentia external doses. Total estimated doses for these tasks and areas can then
be approximated by adding the interna doses listed in Table 7.11 to the externa doses noted
above. For the C-410 operators and maintenance workers, the total annua doses are estimated as
ranging from 1.68 rem/year (1.2 (interna) + 0.48 (externd)) to 35.6 rem/yr (29 (internd) + 6.6
(externd)).

Additionaly, asmpligtic caculation provides a rough estimate of tota organ radiation doses by
adding the external exposure to the internd organ dose.
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8.0 EXPOSURE ASSESSMENT UNCERTAINTIES

Thiswas an "Exposure Assessment” not an "Exposure Recondruction”. As such, there are many
possible sources of errors and uncertainties. Virtudly dl of the data that were used in this study
were not obtained from the original, hard copy records. Only avery smdl sample of the derived
data was actudly checked against some of the origind records, and discrepancies were found.
Therefore, none of the data should be considered as "vaidated” or "verified" and the conclusions
drawn from the derived data must aso be consdered as preiminary. The dosmetric values or
ranges reported are for the purposes of comparing worker groups, departments and workplace sites
for their relative potentid for worker radiation exposure. These data should not be used to create or
approximate individual worker radiation dose estimates.

A QA/QC check of the worker radiation exposure electronic databases with the original, hard copy
recordsis recommended. This QA/QC check should identify the implications of this new
information to the relative ranking of the potentia for increased radiation exposure to workers and
conclusions of thisreport.

There were a number of sources of possible "missed doses’. Some of these include:

A lack of documentation. Thiswould include doses that may have never been recorded, may
have been discarded, or records that the current Team could not locate or otherwise did not
obtain. Examplesinclude:

- Early Hedth Physics and Hygiene reports indicate some limited in vitro bioassay
monitoring for neptunium, thorium and plutonium exposures as early as 1959 [10]
however, the provided database contained no urinalysis results for these isotopes prior to
1989.

- Workers reported that €levated results from film badges were often discarded asinvaid
and not recorded in the individuals dose record. [33]

- Oneincident report of arelease, which occurred in C-720 in 1986, indicated that severa
individuass received significant exposures the two highest urine sampleslisted as 13 mg
U/l and 5 mg U/l. The elevated urine samples were not in the database. [45]

- A January 1953 report discusses an incident on 1/8/53 where 8 Union Carbide workers
were exposed; al with postive urine samples averaging 0.457 mg Ulliter. For that date
(1/8/53) the database contained 17 samples; averaging the highest 8 samplesyielded an
average of 0.315 mg Ulliter. Thisindicates that some eevated data are missing. [46]

A fallure to monitor the exposure. There are numerous examples during the history of the
plant where the potentia for radiologica exposure may have existed, but was not monitored,
or perhaps inadequately monitored. Examples include:
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From 1952 through 1960 approximately 200-500 workers were monitored for external
radiation exposure. 1n 1961 the program was broadened and approximately 1700
workers were monitored. The increase in the number of workers monitored was not a
result of an increase in the plant workforce during thistime but rather a changein the
hedlth physics program philosophy [34]. Exposuresto these additional work groups
would have been missed for the early years of plant operations.

Interviews and documents indicated that in the early 1950s a decision was made that
extremity monitoring was not required because it was felt that these doses were not likely
to exceed 2.5 times the whole-body exposure. The Phase I reports states that “whole-
body exposures to operators and the dose rates in the ash receiver area were large enough
that they could exceed 10 percent of the extremity limit and, therefore, would necessitate
extremity monitoring. Similarly, extremity monitoring should have been done for shell

and crucible deaning operations in the metas building (C-340).” [2]

Hedth Physics survey and ingpection reports identify severa areas of increased
concentrations of TRU (identified as high as 90 percent in one area) [60]. Further, the
DOE Phase | report states “ They (PGDP Hedth Physics Staff) knew that traditional
uranium controls would not be sufficient for areas where neptunium would concentrate
...". Thissuggests that the use of uranium urinalys's as a means of controlling exposure
to transuranics would not have been effective.

The failure to recognize an opportunity for aradiologica exposure. Again there are
examples where the potentia for radiologica exposure may not have been recognized or
fully appreciated. For example:

The Hedth Physics and Hygiene Department assumed that nearly al uranium ingested or
inhaed was soluble and quickly excreted from the body without harm or long-term
effects. Infact, aerosols of insoluble uranium compounds were generated in some work
areas, uch asin the feed plant, and by maintenance activities, such as grinding, buffing,
and welding. Insoluble forms of uranium were aso present in the Metas building
(C-340).[2]

It was reported that over time, buildings were used for different purposes and the
potentia for worker radiation exposure in those buildings may not have been recognized.
[33]

The lack of sengtivity of the monitoring or assay techniques. For example:

A 1990 preliminary evauation of the mobile whole body counter notes, "the

counter's capability for andysis of the above-referenced radionuclides [uranium, neptunium,
plutonium and americium] with the exception of U-235, is somewhat questionable."[90]
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0.0 FEASIBILITY OF FUTURE BIOASSAY/RADIOASSAY
PROGRAMS

Synopsis % The Team was directed to review the modern methods for exposure assessment,
confirmation and dose reconstruction. In the event that such information is needed, a variety of
techniques and tools are available to assess past exposures. Bioassay approaches include sensitive
methods for the detection of some radionuclidesin tissues and body fluids. These include, for
example, fission track analysis (FTA), accelerator mass spectroscopy (AMS), thermal ionization
mass spectroscopy (TIMS) and inductively coupled plasma mass spectroscopy (ICP-MS). Some
whole body/organ counting methods are being developed that may also detect low levels of some of
the uranium daughters and some other radionuclides in the body. The technique of electron
paramagnetic resonance (EPR) has also been used to reconstruct lifetime external radiation
exposures using dental enamel. Fluorescence-in-situ-hybridization (FISH, also called "chromosome
painting") is an emerging technology to assess biological damage from radiation at the level of the
chromosome. These techniques are available, but their use depends, of course, on the information
being sought or the question being addressed and a thorough consideration of their limitations. To
estimate lifetime doses for individuals it would be advisable to consider each individual's exposure
history.

It isalso feasible to conduct radioassay techniques to determine with greater certainty the isotope
composition of residual materials at the plant. While modern tools and techniques are available to
do this, this need and the suitability of the materials would need to be established.

9.1 Bioassay Techniquesin Dosimetry

Table 9.1 summarizes some of the retrogpective techniques, their gpplications, and optima minimum
detectable activities or dose. These techniques have and are being used in populations, other than
Paducah to quantify exposures from environmenta and occupationa sources. The detection limits
of these techniques, if appropriatdy applied, are sufficiently sengtive that in many cases, those
individuals who had received elevated externd exposures or had eevated body levels of plutonium
could beidentified. Techniques are not available, however, for al concelvable types of past
exposures that may have occurred at Paducah. Many of these techniques are better predictors of
"group" dose rather than doseto individuals. Additiondly, there are limitationsto dl of these
techniques as discussed below. A contemporary discussion of retrospective techniques, their
gpplications and sengitivities, and their associated limitations can be found in Jacob et d. (62) and
Straume et d (63).
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Table9.1 Summary of some bio-dosimetry and measurement techniques used to measure or
estimate past exposure levels to externd radiation or current body concentrations of internd
emitters.

Technique Application Minimum Reference
detectable activity
or dose*

Fisson track andyss Puin biologica ~100 aCi** 64, 65, 66

tissues or fluids
Accderator or Therma Puin biologica ~100 aCi 67, 68, 69
lonizetion mass tissues or fluids
Spectroscopy, and
Inductively Coupled Plasma
Mass Spectroscopy
EPR Externd 3, ( ~3-10 Rem 70
FISH Externa dose and ~20 Rem 71

some internal doses

Luminescence Externa ( ~5 Rem 72

* Under well-controlled experimenta Stuations but data vary between different |aboratories and
sudies.
** oCi: attoCurie = 1028 Ci.

9.1.1 Fisson track analysis, accelerator and thermal ionization mass spectroscopy.

The usud method that is employed to determine potentia plutonium exposure isto measure the
amount of the nuclide of interest in excreta (urine and/or feces) and then estimate the current total
body content. From this information, models are employed (e.g. ICRP models) to estimate the
radiation doses to the tissues and organs over time. These modd s have many assumptions and often
must be adapted to the characteristics of the populations or individuas for which they are applied.
Thus, there may be substantial uncertainties in the retrospective doses that are caculated using these
variousmodels. There are avariety of chemica and physica methods that may be used to measure
the various types of nuclides that may be of interest. The methods to measure plutonium that might
be considered include fission track analysis (FTA), Accelerator Mass Spectroscopy (AMS) or the
related techniques of Therma 1onization Mass Spectroscopy (TIMS), and Inductively Coupled
Plasma Mass Spectroscopy (ICP-MYS).

Fisson track analysis has been used to determine the levels of plutonium in excreta for some
populations. These include resdentsin the Marshal Idands [73,74], in northern and southern Utah
[75], surrounding Rocky Flats [76], and the Nevadatest site [64]. Some of the limitationsfor FTA
include complex chemica separations to diminate 2°U which will mask some of the plutonium
measurements and that few laboratories currently are cgpable of conducting this analysis.

Mass spectroscopy is dso being used to determine plutonium in biologica tissues. For example, the
Los Alamos National Laboratory uses this technology as part of their routine heath physics
program. Mass spectroscopy has been used to determine the plutonium ratios in water surrounding
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French Polynesia[67] and in populationsin Irdland [68]. Thistechniqueis limited by the chemica
separation of uranium and Smilar to FTA are performed by relatively few laboratories.

9.1.2 Electron paramagnetic resonance to measuretotal external radiation exposure

Electron paramagnetic resonance (EPR), formerly known as 'dectron spin resonance' (ESR) isa
technique that is used to measure trapped eectron populations in acrystal generated by exposure to
ionizing radiation. For human gpplication, thisinvolves the analyss of tooth enamd. When EPR
was applied to alarge population, the method was deemed to be successful in reconstructing externa
exposures and internationa comparisons have been made [77,78] that include former nuclear
workers [79], atomic bomb survivors [80], exposed civilian populations [81] and for various
radiological workers[82]. The radiation-induced sgnasthat are present in tooth ename (or bone)
are stable over long periods of time. Jacob et d. [62] indicate in their review that the practica lower
detection range is about 10 rad with a 95% confidence interva at these lower leves of about + 100
percent. The problems with this approach are mostly practical: locating suitable materials and costs.
Additionally, medica and dental x-rays and ultraviolet radiation will be recorded in the tooth enamd
as aradiation exposure and would need to be subtracted to obtain environmental exposures. In some
Stuations, the geometry of the detector (enamel) should be considered.

9.1.3 Fluorescence In-Situ Hybridization (FISH)

Chromosome aberrations as aresult of radiation exposures have been measured in humans for many
years. Chromosome dicentrics and trand ocations have been used as indicators of radiation
exposure. Dicentricsin periphera blood lymphocytes will decrease with time after exposure, but
trand ocations are consdered to be more stable. The frequency of dicentric aberrations in peripheral
blood lymphocytes has been shown to corrdate with acute whole body externa radiation exposures
[62]. Internd radiation exposures from radionuclides that digtribute rather uniformly throughout the
body (e.g. tritium, cesum) can be measured with FISH, however, radionuclides which locdize in the
body (e.g. plutonium in bone) may not be good candidates for FISH. Most worker populations are
exposed chronicdly to lower doses of radiation and thus the detection of stable trand ocations was
explored as a possible indicator of exposure. Fuorescence in-situ hybridization was devel oped to
detect stable trand ocations and recent data suggests that the frequency of trandocations following an
exposure may be essentialy congtant for the life of the individua. Thusit may be possible to
determine externa and some internd radiation exposures regardless of the length of time after
exposure [63,83].

The limitations of FISH include the inability to determine the non-uniformity in exposures with time
in the individua worker and some investigators have cautioned that the technology needs additiona
vaidation prior to widespread use. Since some chemical exposures aso produce chromosomal
aberrations, knowledge of aworker’s past exposure to these chemicals would need to be taken into
condderation. Some investigators have aso suggested that trand ocations with time after exposure
in someindividuas may not be stable [84]. Other considerations include obtaining the specimens
and the associated expenses.
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9.1.4 Luminescence

L uminescence measurements that include thermoluminescence (TL) and opticaly simulated
luminescence (OSL) are useful to measure the cumulative absorbed radiation dose in non-biologicd
specimens that contain crystalline materids. By measuring the absorbed doses in materids such as
bricks and using gppropriate assumptions and models, exposures to populations who may have lived
or worked in the location can be estimated after the subtraction of the natural background radiation.
For example, TL and OSL measurements have been used in the reconstruction of doses received by
individuas after the Chernobyl accident [85], in U.S. populations downwind from the Nevada Test
Site [86] and from the aomic bomb in Hirashima [87]. The limitations for an indudtrid ste include
the identification of suitable materids at locations where externd radiation fields may have existed,
and assumptions on occupancy and location of the workers rlative to the radiation source.

9.1.5 Whole body counting techniques

The Team has dso had some discussons with scientists concerning the feasibility of whole body
counting methods to assess interna body burdens from uranium daughters and some other
radionuclides. These discussons arein the preiminary stage but we expect such proposas would be
available for adminidrative and scientific evauation if the decison is made to implement such a
program.

9.2 Radioassays of Residual Materials

The Team was charged with evauating the feasibility of conducting new radioassays on residud
materids. In the event that useful materias were identified, new assays may prove to be useful to
determine the isotopic concentrations in these materids. There does remain consderable uncertainty
on the isotopic concentrations identified in many historic records. Thus additiona assessments may
be of some benefit. Any new information would be compared againgt historical records and plant
process information and may provide new information on potential worker exposures.  For potentia
externa exposures, methods exist to assess tota externa radiation doses to building materias,
providing a foundation for worker dose reconstruction.

The Team did recaive some information on the historic isotopic identity and concentrations of
various samples taken at various times. Some of these documents were incomplete and the methods
and/or units not described. Thus, doing new assays using modern methods subjected to stringent
quality control procedures remains an attractive approach, providing that suitable test materids are
identified.
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10.0 EXPOSURE ASSESSMENT TEAM'S RECOMMENDATIONS
FOR CONTINUED RESOLUTION OF EXPOSURE | SSUES AT
THE PADUCAH GASEOUS DIFFUSION PLANT (PGDP)

The Team particularly encourages a verification of the eectronic database againg the origind, hard
copy dosimetry records (aquaity control, QC, evaluation). This verification of both the accuracy
and the completeness of the database are essentid prior to any attempt to further assessindividua
worker exposures. A QA/QC check of the worker radiation exposure eectronic databases at
Paducah is recommended. This QA/QC check should address the above issues and their
implications to the relative ranking of the potentia for increased radiation exposure to workers and
conclusions of this report.

Internal dose estimates based on available air sampling results and assumptions regarding
radionuclide fractions and solubility are presented in this report. To ascertain that these calculations
are reasonable, it is recommended that available pre-1989 transuranic and thorium bioassay
monitoring records be obtained and, depending on the adequacy of the data, doses be calculated.

Further, the Team notes that there have been many advances in retrospective dosimetry that may be
usful in determining past worker radiation exposures. Some bioassay programs have been
implemented in the past a Paducah and such programs remain feasible to more accurately assess
someinterna doses. Some of the advancements in bioassay techniques include, but are not limited
to, fisson track andyss (FTA), thermd ionization mass spectroscopy (TIMS) and inductively
coupled plasma mass spectroscopy (ICP-MS), or, whole body counting techniques, molecular
methods such as fluorescence in situ hybridization (FISH) and € ectron paramagnetic resonance
(EPR) methods using tooth enamd for estimating tota body lifetime externd exposures. Theteam
recommends that a feasibility study of these techniques, including an assessment of the current
capabilities and the gpplicability of these methods for purposes of retrospective dose assessment at
the PGDP site, be conducted. The strengths and limitations of these techniques must be considered
prior to their application and use for any future exposure assessment and/or dose reconstruction.
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11.0 CONCLUSIONS

This exposure assessment was conducted to review, evauate and summarize the historical
radiologica issues at the Paducah Gaseous Diffusion Plant that may have resulted in or had the
potentia for worker radiation exposures. While dl types of radiation sources and exposures were
consdered, emphasis was placed on potentia exposures to the transuranics, especially neptunium
and plutonium. Neptunium and plutonium were present in trace amounts in some of the feed
materids, but were concentrated during certain processes.

The Team used readily available documentation, transcripts of worker interviews and dosmetry and
exposure records contained in an unverified eectronic database. Using this information, the Team
assessed the relative potentiad for radiation exposures to the different worker departments based on
jobs, tasks, and work locations at the plant. There are a number of caveats and limitations to the
conclusions made by the Team and the data presented should not be used to infer exposures that may
have occurred to individuas. Thiswould require a much more extensive dose recongtruction effort.
The data presented should not be used to infer exposures that may have occurred to individuals, as
much of the data came from unverified sources, the Team strongly urges caution in its use and
interpretation with out a much more extendve dose recongtruction effort.

A QA/QC check of the worker radiation exposure eectronic databases at Paducah is recommended.
This QA/QC check should address the above issues and their implications regarding the relative
ranking of the potential for increased radiation exposure to workers and conclusions of this report.

The Team estimates that 2,500 to 4,000 workers worked in areas with increased potentid for interna
and externd radiation exposures. The Team estimates that approximately 200 workers received in
excess of 1 rem in acaendar year, and also estimates that on the order of 10% of the 2,500 to 4,000
workers had the potentia for interna exposures that may have approached or exceeded regulatory
limits. The areasidentified at increased potentid for radiation exposures for both externd and
internal sources included the Feed Plant (C-410/420), Decontamination Building (C-400), Metals
Building (C-340), and the Cascade Buildings (C-331, C-333, C-335, and C-337). Departments
identified as having increased potentia for worker radiation exposure included: process operators,
chemica operators, maintenance mechanics, instrument mechanics, and dectricians. Some of the
tasks with increased potentid for elevated worker radiation exposures included handling the ash,
cleaning the cylinder heds, processing the derbies, pulverizer operations, flange grinding, changing

the baghouse filters, and maintenance and repair of the fluorination towers, hydrogenation towers

and cascade equipment.

Itislikely that some or perhaps many worker radiation doses are not in the record. These "missed
doses’ could be due to a number of factors including, but not limited to, the lack of documentation,
failure to adequately monitor the exposure, lack of sengtivity of the technique to assess smaller
doses, or failure to recognize the potentia for worker radiation exposure. The Team identified
issues associated with the sensitivity of some of the historica methods. The Team dso identified
some origina exposure data thet was ether inconsstent with or not included in the unverified
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electronic database. The Team strongly recommends areview of the recordsin the database against
the origind records.

New radioassays of exigting or legacy materids remains a viable option to further define the isotopic
concentrations of materias that workers may have been exposed to. Likewise, existing and
emerging technologies exist with the potentia to better define the amounts of some radionuclidesin
potentially exposed workers and to thus predict radiation exposures, retrospectively.
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Gerry Kenner, Ph.D.
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Brenda Shelky (Graduate Student)
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Henry F. Modler (Graduate Student)

Perfor mance Sites;

University of Utah

Division of Radiobiology, Department of Radiology
Center for Advanced Medical Technologies

729 Arapeen Dr., Suite 2334

Sdt Lake City, UT 84108-1218

Phone (801) 581-5638; FAX (801) 581-7008
Emall: scott.miller@hsc.utah.edu

University of Utah

Center of Excdlencein Nuclear Technology, Engineering and Research (CENTER)
Coallege of Enginesring

Salt Lake City, UT 84112

For the Paper, Allied Indugtrial, Chemical and Energy Workers|nternational Union (PACE):

Mark Griffon

Hedth Physcigt

Creative Pollution Solutions, Inc.
P.O. Box 506
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Cindy Bloom, CHP
Hedth Physcig
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A-1



Appendix A Exposure Assessment Project at the Paducah
Composition of the Exposure Assessment Team Gaseous Diffusion Plant

Mike Gibson
Hedth and Safety Representetive
PACE Loca 5-4200

JmKey
Hedlth and Safety Representative
PACE Loca 8-550

Phil Foley
Occupationa Health and Safety Educational Coordinator
PACE Loca 8-550
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Appendix B
Abbreviations and Acronyms

AEC. United States Atomic Energy Commisson

AlHI: American Industrial Hygiene Association

ALARA: aslow asreasonably achievable

AMAD: Activity Median Aerodynamic Diameter

AMS:. Accelerator Mass Spectroscopy

ANSI: American Nationd Standards Ingtitute

CDE: committed dose equivadent

CEDE: committed effective dose equivaent

CFM: cubic feet per minute

Ci: curies

CINDY: Codefor Internd Dosmetry

CIP/CUP: cascade improvement/upgrade programs

cpm: counts per minute

CPS. Crestive Pollution Solutions, Inc.

DOE: (United States) Department of Energy

dpm: disntegrations per minute

E: Hfective Dose

EPR: eectron paramagnetic resonance

ERDA: (United States) Energy Resource and Development Administration
ERT: enriched reector tails

FISH: fluorescence-in-situ-hybridization (chromosome painting)
FMPC: Feed Materias Production Center (Fernad, Ohio)
FTA: Fisson Track Andyss

Gy: Gray

3H: tritium

H:: Equivaent Dose

HF. hydrogen fluoride or hydrofluoric acid

HP: Hedth Physics

HTO: tritium oxide

ICP-MS: Inductively Coupled Plasma Mass Spectroscopy
ICRP: Internationd Commisson on Radiologica Protection
IT: Internationd Technology (asin“IT” Corporation)
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LET: linear energy trandfer

LLNL: Lawrence Livermore Nationa Laboratory
MPC: maximum permissible concentration

MPD: maximum permissible dose

NBS: (United States) National Bureau of Standards (now the Nationa Ingtitute of Standards and
Technology)

NCRP: Nationd Council on Radiation Protection and Measurements
Np: neptunium

NpFe: neptunium hexafluoride

ORAU: Oak Ridge Associated Universities

ORGPD: O&k Ridge Gaseous Diffuson Plant

OSL: Opticdly Stimulated Luminescence

PACE: Paper, Allied-Indugtrid, Chemica and Energy Internationa Union
PGDP: Paducah Gaseous Diffuson Plant

ppb: parts per billion

ppm: parts per million

Pu: plutonium

PuFs: plutonium hexafluoride

QA: Quadlity Assurance

QC: Qudity Control

QF. Quality Factor

R: roentgens

RBE: rdative biologicd effectiveness

RT: reactor tals

S Internationa System of Units

Sv: Severt

Tc: technetium

Team: The Exposure Assessment Team (for this report)
TEDE: Totd Effective Dose Equivdent

Th: thorium

TIMS. Therma lonization Mass Spectroscopy

TL: thermoluminescence

TLD: thermoluminescence dosimeter
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Abbreviations and Acronyms

TRU: Transuranium eements (transuranics)
U: uranium
UF4: uranium tetrafluoride

UFs: uranium hexafluoride
UO3: uranium oxide
USDOE: United States Department of Energy

USEC: United States Energy Corporation
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Building Summary:

Building Number Description

C-100 Adminigration

C-310 Product Withdrawal (Purge and Product building)
C-315 Tailswithdrawd (Surge and waste building)
C-331 Cascade Process

C-333 Cascade Process

C-335 Cascade Process

C-337 Cascade Process

C-340 Uranium Metals Building (Reduction and Metds Fecility)
C-360 Shipping building

C-400 Decontamination (deaning) building

C-409 Sahilization building

C-410 Feed Plant

C-420 Oxide Converson Plant (Greensalt Plant)

C-710 Technicd Services building

C-720 Maintenance building

C-746B South Warehouse

C-749 Uranium Scrap Burid Yad
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C-331, C-333, C-335, C-337 Cascade Process Buildings

These multi-story buildings contained approximately 2,000 cascade stages that are used to enrich
233 contained in the UF feed materia. It was generally hot and noisy and there were periodic
releases of UFg [CD005].

The basic component of a cascade cell was asingle converter (Fig. C-2). It consisted of a
cylindrica tank (2 9zes) with an input line and two output lines. The enriched output line

contained a product that had adightly greater content of 2%°U than theinput line, while the depleted
output line had a dightly lower concentration. By hooking a series of converters together, it was
possible to get an output containing about 3% 2*>U compared to about 0.5% 2*°U dtarter materid.

Coolant output Cooling

Input to stagel jacket Enriched
Converter :I output
T  |Depleted
:II Coolant input output
jL Input from enriched output {previous st.)
Compressor Input from depleted output (following st.)

Figure C-2. Schematic layout of a cascade converter or cell with associated compressor. The
control valves are not shown.

The front end of the converter consisted of a cooling jacket composed of coils through which
cooling gas (freon) was continuoudy fed to reduce the temperature of the UFg prior to entering the
converter proper. The working component of the converter was a porous, nickel tube through
which #*°U would diffuse dightly faster than could >*8U.

UFe at room temperatureisasolid. It sublimates at 53° C to form agas. Heat isrequired to keep it
in agaseous state. The pressure of the UFs gas was increased prior to entry into the converter by a
large compressor. This compressor had two input lines and one output line. The output line went
directly to the converter. One of theinput lines contained enriched output from the previous
converter. The other input line contained depleted output from the next converter in the series.

This pipe had a diameter of 42 inches and was large enough to crawl in.

Not shown in the figure are a number of shutoff valves that were used to control flow into and out

of the converter. The compressor was connected to the lines by welded flange joints. On long

lines, there were access holes (one reference sated "cut aholein the sde of the pipe") that could be
opened to alow worker access. Access could aso be achieved by removing sections of pipe.

The enrichment process was done by arranging several hundred convertersinto a cascade. Fig. 2
isa simplified drawing of a five unit cascade. Note that the depleted output of each cascade
reenter s the system through one of the input pipes of the compressor of the previous converter. The
Paducah Plant had several thousand converters housed in four buildings, C-331, C-333, C-335 and
C-337. Product withdrawal was done in Building C-310 while tails withdrawal occurred in

C5



Appendix C Exposure Assessment Project at the Paducah
Plant Processes, Facilities and Buildings Gaseous Diffusion Plant

Building 315. Major fires occurred in Buildings C-337, C-310 and C-315.

Product
withdrawal
Tails
withdrawal

Figure C-3. Schematic layout of a cascade consisting of 5 converters.

The wor kfor ce within the process buildingswas: operators (9/shift), maintenance mechanics (10-
15/shift), electricians (8/shift), instrumentation mechanics (8/shift), janitor (1/shift), foremen
(4/shift) [CDO05]. From 1954 to present, there were generally 3 shifts per day.

C-400 Decontamination Building

Building C-400 isafive story building used for equipment decontamination, uranium recovery,
powder pulverization, cylinder heds cleaning and neptunium recovery. The building was divided
into halves by a partid partition.

Both smdl and large parts were decontaminated. Smal parts were cleaned mechanically combined
with wesk nitric acid or potash solutions. Large parts were cleaned in large Soray booths using
Spraying solutions. In addition, there were large containers of trichloroethylene for soaking.

The pulverizer was afive story stack type structure located in the far northeast corner of C-400.
There was an opening a the top into which 55 galon drums were emptied. The materid wasin the
form of lumps and crushing was not involved. The drums themsdlves were picked up with aforklift
and put on a conveyer belt (bucket eevator) where the lids were taken off. They were then run to
the top of the pulverizer where they were dumped into a hopper. From there they went into a feeder
and a series of shakers where the materia was pulverized. The pulverizer contained ajaw crusher
that would reduce the size of the particles. The operation aso involved a screening process to
obtain the correct sized particles. The product was dumped into large gray hoppers with dimensions
of about 5' x 5' square x 6' tal which had a capacity of 7 tons. They usualy processed about 12
drums a shift.

Cylinder hedl cleaning involved rinsing the cylinders out with a solution that was then treated to
cause precipitation of sludge. The liquid was disposed of via drainage ditches while the sludge was
loaded into barrels and stored.

The spray booth wash solutions were treated to recover uranium. For a number of years, there were
aneptunium and technetium recovery operationsin C-400.

It appears that there were 2 or 3 operators/shift each manning the spray booths and the pulverizer.
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The jobs in the decontamination building were done in rotation to divide the radiation exposure
among the workers.

C-720 Maintenance Building

This building contained the shops including those for the machinists, maintenance mechanics,
instrument mechanics, sheet meta workers, eectricians, inspection workers, stores workers and
janitors. The primary gructure of interest from the standpoint of rediation safety was the
compressor disassembly area. Thiswas located in a pit a one end of the building and was severa
gtories high. Occasiond releases of UFg occurred during compressor disassembly. There were
supervisory officesin the middle of the building.

C-315 TailsWithdrawal

The building was used for the remova of depleted UFg byproduct from cascade and stored in
cylinders. The C-315 Tails Withdrawa Building was gpproximately 53 x 30 feet in 9ze and
contained four cart tracks and product equipment to accommodate four 10 to 14 ton cylinders. Four
roll-up doors were located in the east wall to permit the entry and exit of the cylinders (Fig. 2). The
west wall contained doors to the pump room and control room. Thus, there were Six penetrations
(doors) affecting air current flow in the building.

Pump Room Door [LE:H — cart Track
Product Line-" T [] Cart Track
m . |=||| = Cart Trac
Pigtail |
Door to H:|=[] = Cart Track
Control RGGL i = [] — Cart Track

Figure C-4. Schematic diagram of Building C-315 Tails Withdrawal Area

The liquefaction was accomplished by compression of the UF flowing to the building from the
enrichment operation (Buildings C-331, C-333, C-335, C-337) a a pressure which the UFs gas can
be conveniently liquefied. After condensing, the liquid was dlowed to conveniently flow into the
cylinders. The product was drained as aliquid into the multi-ton cylinders through a copper tube
referred to as a pigtail (note the drawing above). When the cylinder was filled to its capacity, the
cylinder and drain vaves were closed and the pigtall was evacuated and purged. The pigtail was
then disconnected at the cylinder valve.

The C-315 Building began operation in early 1953. At that time, the ventilating system provided
approximately 800 cubic feet/minute (CFM) exhaust in three registers near the floor aong the west
wall and 400 CFM of supply discharged about 9 feet above the floor from four registers. Other
make up air entered from the control room and through an opening in the east wall. The system was
modified two months later by extending the loca exhaust ducts to hood ingtdled above the pigtall
connections.
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In 1980, the building was normdly manned by 1-3 persons with a crane operator on call should
cylinder transfer involving crane movements be required. The workers were responsible for
completing equipment checks, logging equipment deta, preparing cylinders for filling,
disconnecting and weighing the full cylinders, transferring cylinders, and maintaining cylinder
records.

By 1997, the workforce consisted of operators (2/3 shift), maintenance mechanics (4/shift),
eectricians (2/shift), janitor (1/shift) and foremen (4/shift).

C-310 Product Withdrawal Building

This was where enriched UFg product was removed from the cascade and put into cylinders for
trangport. The C-310 Product Withdrawa Building was gpproximately 53 x 30 feet in size and
contained two roll-up doors, one employee access door and double doors to the storage room. The
building was equipped to handle two 10 to 14 ton cylinders at agiven time (Fig. C-5).

Old
2-1/2 Ton Position

e H:|=H — Cart Track

Product<] Cylinders

Line
Door to h“l:l :H —
Operating Floor 1] Pigtail Roll Doors

Storage
Room

] —

—E

Figure C-5. Schematic diagram of Building C-310 Product Withdrawal Area

The C-310 Building began operation in early 1953. The ventilation as origindly indaled provided
900 cubic feet per minute (CFM) exhaust across four registers near the floor of the east wall. The
ventilation was modified three months later to accommodate local exhaust hood positions over the
pigtails. Two of the old 2-1/2 ton positions have smal hoods with flexible ducts which are not in
use but remain as part of the exhaust system. The present ventilation flows are gpproximatdy 20%
greater than the flow rates experienced after the modifications were originaly completed. While
theinitid ventilation modification (early 50's) resulted in less exhaudt than the origind design, the
changed design and position of the hood close over the cylinder connection resulted in much more
efficient control of the resdud puff from the pigtall or valve seet leskage.

In 1980, the building was normaly manned by 1-3 persons with a crane operator on call should
cylinder trandfer involving crane movements be required. The workers were responsible for
completing equipment checks, logging equipment deta, preparing cylindersfor filling,
disconnecting and weighing the full cylinders, transferring cylinders, and maintaining cylinder
records.

In 1997, the workforce consisted of operators (3-7/shift), maintenance mechanics (4/shift),
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instrument mechanics (2/shift), dectricians (2/shift) and foremen (4/shift).
C-410 Feed Plant

The UFs for the cascades was generated in this building until the late 1970's. Thisbuilding

contained eight fluorination towers that were used for the conversion of UF4 to UFs. These towers
were multistory structures where UF, was introduced at the top while fluorine gas was introduced a
the bottom. The gpparatus aso contained at least one cyclone near the bottom. The system emptied
into an ash receiver a the bottom. Due to the accumulation of uranium daughter products,
transuranics and fission products, the ash recelvers were at a high potentia for increased radiation

exposure.

The workforce conssted of operators (2/shift), maintenance mechanics (2/shift), ingtrument
mechanics (1/shift), lab technician (1/shift).

C-420 Oxide Conversion Plant

Thiswas where U3Og was converted to uranium oxide and then to green sdt for use as feed stock
for the fluorination towersin C-410. Its operation was discontinued in 1980.

C-420 was a comparatively smdl building that was attached to the west sde of C-410. It contained
fluidizing beds that were used in the conversion processes. UsOg (yellow) was firgt reduced to UO,
(black) using a hydrogenation reaction. The resulting UO, was converted to UF,4 by reaction with
fluoric acid (HF).

The equipment for doing these processes consisted of a series of hoppers, conveyer belts, screws,
chutes, etc. which were susceptible to mechanicd failure. When this happened, the system would
be opened up and the operators and maintenance mechanics would do whatever was necessary to
get things going again. Actudly, the operationsin C-420 do not appear to have had the potentia for
increased radiation exposure, but the workers in this building were rotated with those in C-410 to
minimize individud radiation exposure.

The workforce consisted of operators (4/shift), maintenance mechanics (2/shift), dectricians
(2/shift), instrument mechanics (2/shift), and janitors (1/shift).

C-340 Uranium Metals Building

Severd operations were performed in this building, two of which presented a high potentid for
increased worker radiation exposure. These were the conversion of depleted UFs to UF, usng a
hydrogenation process and the conversion of some of the UF4 to uranium metd via areaction with
magnesum.

The rationale for doing the hydrogenation was to recover hydrofluoric acid for use in the oxide
conversion process in C-420. Another reason may have been to convert UFg into aform that was
easer to store. Both of the about processes generated considerable amounts of dust.
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The building dso contained a re-met furnace for recagting uranium. After the above operations
were shut down in the late 1970's, the building was used for offices and training programs.

The workforce consisted of operators (10-20/shift), maintenance mechanics (3-5/shift), instrument
mechanics (3-5/shift), and eectricians (3-5/hift).

C-409 Stabilization Building and three storagetrailers
During the cascade improvement program of 1973 to 1981, there was a converter shop in this
building for rebuilding converters. The building aso had a smal spray booth for minor cleaning
jobs. The number of personne involved is not known.
C-710 Technical ServicesBuilding
Underground storage tanks.
A. Geas cylinder storage building.
B. Storage fadility.
C. Andytica chemistry and technicd operations.
C-746B South Warehouse
Metal, furnace scrap recovery. Thiswas the Site of the smelter operations.
C-749 Uranium Scrap Burial Yard
Pyrophoric uranium meta shavings were disposed of in the C-749 burid ground from 1957-1977.
C-360 Shipping

This building was used primarily for shipping product from the plant. 1t did contain atwo story
high fadility for trandfer of UFg between different sized cylinders.
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Exposure Assessment Project at the Paducah Appendix D
Gaseous Diffusion Plant Doses, Exposures or Transuranic Material Concentrations
Relative to Specific Worker Job Descriptions and Plant Locations

Introduction:

The following table includes radiologica data for specific worker job descriptions and plant
locations. Thisinformation was found in PGDP reports, records, and assessments. It might help to
determine dosesin these areas. Information in the table includes: plant action levels, dose rate
information, personne dosimetry information, summary report data, air, dust, or spill amounts or
concentrations, etc. The reader is cautioned to go to the origind reference to get the proper
understanding of the available information.  Plant locations are indicated by numbers (e.g., 1,2,3),
the references are identified by letters (e.g., @, b, €) and are ligted at the end of the Table.

Job/ Work Area Plant L ocation Radiological Data found in PGDP Reports, Records, and Assessments
Descriptions
Ash handling (hot | 1.C-400 l-a Film badge reading >600 mrem beta; Jan. 1956 film badge max. 1055
hauling) mr/wk, avg. 72 mriwk; Feb. 1956 film badge max. 395 mr/wk, avg. 48
2.C-410 mr/wk, 2 penetrating radiation personnel exposures over the PAL, 315 and
325 mriwk; Mar. 1956 film badge max. 470 mr/wk, avg. 42 mr/wk; Apr
3. C-746B 1956 film badge max. 330 mr/wk, avg. 42 mr/wk.

l-a Max betagamma 915 mr/wk, max. gamma 265 mriwk

l-e 3.3E-13uCilccar TRU

1-f Breathing zone U daughters 32-320 beta dpm/n, Tc 288-2878 beta
dpm/n?, U 15-150 alpha dpm/n, Np 8-75 alpha dpm/nt, Pu 8-75 alpha
dpm/nt.

1,2-a U bioassay 25nyg/day, Pu bioassay 1/10 MPL, 9 persons on uranium
restriction.

123d Am2417.2E3 dpm/ml; Pu 5.7E4 dpm/ml; Np 4.52E4 dprm/ml;
Depleted U 3.6 E4 dpm/ml; Tc 1.65E5 dpm/ml.

2-a Np 2.5 dpm/8hr collection; external <10 rad; skin dose 6.5 rad; U
bioassay max. > 8 mg/l, avg. 0.238 mg/I

2-b U bioassay max. > 8 mg/l, avg. 0.238 mg/I.

2-a 6 film badges exceeded allowable limits, max betagamma 1735
mr/wk, max gamma 315mr/wk; air concentration max 158 beta dpmyft®,
avg. 48 beta dpm/ft>; 9 film badges above the PAL ; 41 of the 94 uranium
air concentration samples exceeded the MAC, avg 1.57 cpm/ft®

2-b Gamma 1000 mrem/hr, beta 75- 100 rad/hr.

3-c Furnaceliner U 3800 ppm, Tc <0.001ppm, Np 862 ppb, Pu 0.12 ppb,
Th 0.48 ppb. Slag U 308 ppm, Tc 0.48ppm, Np 54 ppb, Pu 0.06 ppb. HF-
Trap U 4 ppm, Tc 0.003ppm, Np 1 ppb, Pu 0.005 ppb, Th 0.03 ppb

Building Access 1.C-340 1-a 7 outof 13 Uranium urine concentrations greater than 10 microgram
/liter, avg. is12

1-d Am2417.2E3 dpm/ml, Pu5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
3.6E4 dpm/ml, Tc 1.65E5 dpm/ml

Cascades, Product | 1. C-315 1to6-a,g Npdust, 0.002to 0.370 mg/g dust
Withdrawal and 2.C331 5g Np 18,000-506,000 dpm/g, Pu 352-648 dpm/g dust
Tails Withdrawal 3.C-333 6-a U bioassay avg. 0.457 mg/l

4.C-335 l-a 100-170 mr/wk film badge. Avg. 12-29

5.C-337 l-a Max betagamma 60, max gamma40 mr/wk

6.C-310 *-h 1,340,000dpm gram Np in the dust
Cold Trap and 1+ 20 dpm/m3 alphafor 240 hours per year, or 4 AMAD, 2 operators
Refrigeration inhaled 1-2 mg soluble U

1-h Upto50rad/hr betaat cooler line

D-1



Appendix D

Doses, Exposures or Transuranic Material Concentrations

Exposure Assessment Project at the Paducah
Gaseous Diffusion Plant

Relative to Specific Worker Job Descriptions and Plant Locations

Crane Operation

1.C-400
2.C410
3.C-420
4.C-331
5.C-333
6.C-335
7.C-337
8.C-340

1-a Film badge reading >600 mrem beta

l-a Max beta 915 mr/wk, max gamma 265 mr/iwk

l-e 3.3E-13Ci/ccar TRU

1-f Breathing zone U daughters 32-320 beta dpm/nt, Tc 288-2878 beta
dpm/n?, U 15-150 alpha dpm/n®, Np 8-75 alpha dpm/nt, Pu 8-75 alpha
dpm/nt.

1,2-a U bioassay 25 ng/day, Pu bioassay 1/10 MPL

1,2,36,8d Am2417.2E3 dpnvml, Pu’5.7E4 dpnvml, Np 4.52E4

dpm/ml, Dep U 3.6 E4 dpmy/ml, Tc 1.65E5 dpm/ml

2-a Np 2.5 dpm/8hr collection; external <10 rad, skindose 6.5 rad; max
beta gamma 1735 mr/wk, max gamma315mr/wKk; air concentration max
158 beta dpmv/ft*, avg 48 beta dpm/ft>, 410of the 94 uranium air
concentration samples exceeded the MAC, the averageis 1.57 cpmy/ft>.
U bioassay max > 8 mg/l avg 0.238 mg/I.

2-i 10 dpm/n? alphafor 320 hours per year

3i 100 dpm/n? alphafor 180 hours per year, 10 dpm/n? alphafor 150
hours per year

4-a U bioassay avg 0.085 mg/I

7-h breathing zone Np 237 dpm/nt

Cylinder Hesel
Cleaning

1.C-400

l-a U bioassay 25mg/day, Pu bioassay 1/10 MPL

1-a Jan 1956 film badge max 1055 mr/wk, avg 72 mr/wk. Feb 1956 film
badge max 395 mr/wk, avg 48 mr/wk.

1l-a Max betagamma915 mr/wk, max gamma 265 mr/wk

1-d Am 7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U

3.6 E4 dpm/ml, Tc 1.65E5 dpm/ml

l-e 3.3E-13uCi/ccar TRU

1-f,1-g Breathing zone U daughters 32-320 beta dpm/nt, Tc 288-2878
beta dpm/n?¥, U15-150 al pha dpm/nT, Np 237 8-75 alpha dpm/n, Pu 239
8-75 alpha dpm/n?

Deblading of
compressor rotor &
stator

1-aU bioassay 25ny/day, Pu bioassay 1/10 MPL

l-amax betagamma 915 mr/week, max gamma 265 mriwk

1-d Am 7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
3.6E4 dpm/ml, Tc 1.65E5 dpm/ml

l-e 3.3E-13pCi/ccair TRU

1f Breathing zone U daughters 32-320 beta dpm/nT, Tc 288-2878 beta
dpm/g, U 15-150 alpha dpm/n, Np 8-75 alpha dpm/nt, Pu 8-75 alpha
dpm/

Disassembly of
stuck G17 cell
block valves

C-720

1-a Elevated adphas

1f 671,000 dpm/g apha's around stator blade 1.1% Np, breathing zone
24,000 dpnv/n?, 1 % Np, while removing stub shafts

1-j Uranium concentration in urine range from 0 to 13000 g/l

1-k 880,000 dpm/g with 53% trace, breathing zone analysis 150dpm/nt
from trace and 96 dpm/nt from uranium
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Drum Crushing C-746 11 Furnaceliner U 3800 ppm, Tc <0.001ppm, Np 862 ppb, Pu 0.12 ppb,
Th 0.48 ppb. Slag U 308 ppm, Tc 0.48ppm, Np 54 ppb, Pu 0.06 ppb. HF-
Trap U 4 ppm, Tc 0.003ppm, Np 1 ppb, Pu 0.005 ppb, Th 0.03 ppb
Drumming green 1.C-340 1-d Am7.2E3 dpm/ml, Pu5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U -
salt 2.C420 3.6 E4 dpmy/ml, Tc 1.65E5 dpm/ml
green salt plant 2-i 100 dpm/n? alphafor 180 hours per year, 10 dpm/n? alphafor 150
operations hours per year
Electrica 1. C-410 1-a Jan 1956 film badge max 140 mr/wk, avg 15 mr/wk. Feb 1956 film
badge max 580 mr/wk, avg 27 mr/wk
1-a 41 of the 94 uranium air concentration samples exceeded the MAC
the averageis 1.57 cpm/ft®
Fabrication C-720 1§ Uranium concentration in urine ranged from 0 to 13000 ug/|
1-k 880,000 dpm/g with 53% trace breathing zone analysis, 150dpm/nt
from trace and 96 dpm/n? from uranium
Fires 1. C-310 1-a U bioassay avg 0.457 mg/l
2. C-337
Firing reduction 1. C-340 1-d Am7.2E3 dpm/ml, Pu5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
vessels (bombs) to 3.6E4 dpm/ml, Tc 1.65E5 dpm/ml
make derbies
Flange grinding 1.C-340 1,234-d Am 7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep
2.C-400 U 3.6 E4 dpm/ml, Tc 1.65E5 dpm/ml
3.C-410 2-e 3.3E-13 pCi/ccar TRU
4.C-420 2-a Max betagamma 915 mr/wk, max gamma 265 mriwk
2-f Breathing zone U daughters 32-320 beta dpm/n?, Tc 288-2878 beta
dpm/n?, U 15-150 alpha dpm/n, Np 8-75 al pha dpm/n?, Pu 8-75 alpha
dpm/n?
2,3-a U bioassay 25mg/day, Pu bioassay 1/10 MPL
3-a Np 2.5 dpm/8hr collection
3-a External <10rad, skin dose 6.5 rad
3i 10dpm/nt alphafor 320 hours per year
3-a U bioassay max > 8 mg/l, avg 0.238 mg/l
3f 6film badges exceeded dlowable limits, max betagamma 1735
mr/wk, max gamma 315mr/wk, air concentration max 158 beta dpm/ft?,
avg 48 beta dpm/ft>
4 100 dpm/n? alphafor 180 hours per year, 10 dpm/n alphafor 150
hours per year
HF collectionand | 1. C-340 1-d Am 7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
transfer to C-410 3.6 E4 dpm/ml, Tc 1.65E5 dpm/ml
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Machining 1. G720 1-d Am7.2E3 dpnmV/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
3.6E4 dpm/ml, Tc 1.65E5 dpm/ml
1-j uranium concentration in urine range from 0 to 13000 pg/l
1-k 880,000 dpm/g with 53% trace, breathing zone analysis 150 dpm/nt
from trace and 96 dpm/m3 from uranium
Maintenance on 1.C-340 1-d Am7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U -
roof 2.C-410 3.6 E4 dpm/ml, Tc 1.65E5 dpm/ml
Maintenance (feed 2-a Jan 1956 film badge max 580 mr/wk, avg 82 mr/wk. Feb 1956 film
plant) (instrument) badge max 520 mr/wk, avg 61 mr/wk
(utility) 2-a Max betagamma 1735 mr/wk, max gamma 315mr/wk. Air
concentration max 158 beta dpm/ft®, avg 48 beta dpm/ft®
2-a 41 of the 94 uranium air concentration samples exceeded the MAC
the average is 1.57 cpm/ft>
Midnight 1.C331 1-a U bioassay avg 0.085 mg/l
Negatives 2.C-333 2-e 1.2E-13puCilccarU
3.C335 3-d Am7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
4.C-337 3.6E4 dpmy/ml, Tc 1.65E5 dpm/mil
Mixing UF4 1. G340 1-d Am 7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
powder with Mg 3.6E4 dpm/ml, Tc 1.65E5 dpm/ml
powder loading
into the bomb
Neptunium 1. C400 1-a Jan 1956 film badge max 1055 mr/wk, avg 72 mr/iwk. Feb 1956 film
Recovery 2. C710 badge max 395 mr/wk, avg 48 mr/wk
1l-a Max betagamma915 mr/wk, max gamma 265 mr/wk
1-d Am 7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
3.6E4 dpm/ml, Tc 1.65E5 dpm/ml
1l-e 3.3E-13uCi/ccair TRU
2-a Npis29% of air samples
Product withdrawal | 1. C-310 1-a U bioassay avg 0.457 mg/l
during normal 1-d Am 7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
operations 3.6E4 dpm/ml, Tc 1.65E5 dpm/ml
1-g Np <0.005 mg/g of dust
Pulverize 1. C-400 1l-a Max betagamma 915 mr/wk, max gamma 265 mr/wk, 2 film badges
operations and above the PAL
maintenance 1-d Am7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U

3.6E4 dpm/ml, Tc 1.65E5 dpm/ml

1-e 3.3E-13 uCi/ccair TRU

1-f Breathing zone U daughters 32-320 beta dpm/nt, Tc 288-2878 beta
dpm/nt, U 15-150 alpha dpm/n®, Np-237 8-75 alpha dpm/nt, Pu-239 8-75
alpha dpm/nt
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Rel ease Response

C-331
C-333
C-335
C-337
C-310
C-315
C-340
C-400
C-410
10. C-420

©CO N A~WDNE

1-a U bioassay avg 0.085 mg/l

2-e 1.2E-13 uCi/ccair U

357,8910-d Am 7.2E3 dpm/ml, Pu5.7E4 dpm/ml, Np 4.52E4 dpm/ml,
Dep U 3.6E4 dpm/ml, Tc 1.65E5 dpm/ml

5a U bioassay avg 0.557 mg/I

5g Np < 0.005mg/g of dust

6-a Max betagamma60 mr/iwk, max gamma40 mriwk

6-a Jan 1956 film badge max 120 mr/wk, avg 21 mriwk. Feb 1956 film
badge max 100 mr/wk, avg 12 mr/wk

8e 3.3E-13uCi/ccar TRU

8f Breathing zone U daughters 32-320 beta dpm/nt, Tc-99 283-2878
beta dpm/n?, U 15-150 al pha dpm/nt’, Np 8-75 alpha dpm/n®, Pu 8-75
alpha dpm/n?

9-ato9-h U bioassay max >8 mg/l, avg 0.238 mg/|

8,9-a U bioassay 25mg/day, Pu bioassay 1/10 MPL

9-a Skindose 6.5 rad, Np 2.5 dpm/8hr collection

9i 10 dpm/n? aphafor 320 hours per year

9-a Max betagamma 1735 mr/wk, max gamma 315mr/wk

8a Max betagamma 915 mr/wk, max gamma 265 mr/wk

9-a 41 of the 94 uranium air concentration samples exceeded the MAC,
the averageis 1.57 cpm/ft®

10-i 100 dpm/nt alphafor 180 hours per year, 10 dpnint alphafor 150
hours per year

Removal of 000
compressor stub
shaft

1. C720

1-j Uranium concentration in urine range from 0 to 13000 ug/l
1-k 880,000 dpm/g with 53% trace, breathing zone analysis, 150dpm/nt
from trace and 96 dpm/n? from uranium

Removal of
Converter shell
internal fixtures

1-n Alphaactivity, 11% Np, 3% from Pu, 86% U, Beta activity, 49% Tc,
51% Uranium daughters

1-f Breathing zone, U daughters 32-320 beta dpm/n, Tc 288-2878 beta
dpm/ﬁ, U 15-150 alpha dpm/n, Np 8-75 alpha dpm/n, Pu 8-75 apha
dpm/

Replacement of
UFg Cylinder valve

Outside C-400

1-a 5E5a/min (surface reading)

l-a 450 mradb exposure

1-d Am7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
3.6E4 dpm/ml, Tc 1.65E5 dpm/ml

1-0 Onthe spot UA showed 2.3 mg/l U, two hourslater 13 mg/l U, 48
hourslater 75 pgl/l

Slag recovery

C-340slag plant

1-d Am 7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
3.6E4 dpm/ml, Tc 1.65E5 dpm/ml
1-c Slag U 308 ppm, Tc 0.48ppm, Np 54 ppb, Pu 0.06 ppb

Smelting

1. G746

1-c Furnaceliner U 3800 ppm, Tc <0.001ppm, Np 862 ppb, Pu 0.12 ppb,
Th 0.48 ppb. Slag U 308 ppm, Tc 0.48ppm, Np 54 ppb, Pu 0.06 ppb. HF-
Trap U 4 ppm, Tc 0.003ppm, Np 1 ppb, Pu 0.005 ppb, Th 0.03 ppb

1-p Al hasNp 26 ppb, Pu 0.03 ppb, Tc 50 ppb, U 54 ppm. Ni hasNp 43
ppb, Pu 0.05 ppb, Tc 0.9 ppb, U 138 ppm. Steel has Np 0.53 ppb, Pu
<0.005 ppb, Tc <10 ppb, U 8.9 ppm, U 0.048 ppm
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Technetium
recovery

1-d Am7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
3.6E4 dpm/ml, Tc 1.65E5 dpm/ml

1-e 33E-13pCi/ccar TRU

1-a Jan 1956 film badge max 1055 mr/wk, avg 72 mr/wk. Feb 1956 film
badge max 395 mr/wk, avg 48 mr/wk. Mar 1956 film badge max 470
mr/wk, avg 42 mr/wk. Apr 1956 film badge max 330 mr/wk, avg 42 mr/wk
1l-a Max betagamma 915 mr/wk, max gamma 265 mr/wk

UF; reduction to
UF,

1. C-340

1-d Am 7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
3.6E4 dpm/ml, Tc 1.65E5 dpm/ml

Unplugging feed
plant transfer lines

1.C-410
2.C-420

1-i 10 dpm/nT aphafor 320 hours per year

1-a U hioassay max > 8 mg/l, avg 0.238 mg/l

1-a Jan 1956 film badge max 580 mr/wk, avg 61 mr/wk. Feb 1956 film
badge max 595 mr/wk, avg 48 mriwk. Mar 1956 film badge max 425
mr/wk, avg 46 mr/wk. Apr 1956 film badge max 370 mr/wk, avg 45 mr/wk
l-a Max betagamma 1735 mr/wk, max gamma 315mr/wk, air
concentration max 158 beta dpm/ft?, avg 48 beta dpm/ft>

1,2-a U bioassay 25ng/day, Pu bioassay 1/10 MPL,

12-d Am7.2E3 dpm/ml, Pu5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
3.6E4 dpm/ml, Tc 1.65E5 dpm/ml

2-a Np 2.5 dpm/8hr collection

2-a External <10rad, skin dose 6.5 rad

2-i 100 dpm/n? alphafor 180 hours per year, 10 dpm/n? alphafor 150
hours per year

2-a 41 of the 94 uranium air concentration samples exceeded the MAC
the averageis 1.57 cpm/ft®

Fluorination tower
operations and
unplugging
fluorination towers

1. C410

l-a U bioassay 25ny/day, Pu bioassay 1/10 MPL

1-d Am 7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
3.6E4 dpm/ml, Tc 1.65E5 dpm/ml

1-i 150 dpm/n? UO,F, for 100 hours per year, 80 dpm/n? alphafor 120
hours per year

1-i 10 dpm/n? alphafor 320 hours per year

1-a U bioassay max > 8 mg/l, avg 0.238 mg/l

1-a 9film badges above the PAL, max beta gamma 1735 mr/wk, max
gamma3 315 mr/wk, air concentration max 158 beta dpn/ft®, avg 48 beta
dpm/ft

1-a 41 of the 94 uranium air concentration samples exceeded the MAC the

averageis 1.57 cpm/ft®

Uranium powder
conveyors, hopper
etc.

1.C-410
2.C-420

1,2-a U bioassay 25 ng/day, Pu bioassay 1/10 MPL

2-a Np 2.5 dpm/8r collection, external <10 rad, skin dose 6.5 rad

1,2-d Am7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep U
3.6E4 dpm/ml, Tc 1.65E5 dpm/ml

1,2 80 dpm/nt U for 220 hours per year, 10 AMAD

2-a 100 dpm/nt alphafor 180 hours per year, 10 dpm/nt* alphafor 150
hours per year

1-i 10 dpm/n? alphafor 320 hours per year

1-a U bioassay max > 8 mg/l, avg 0.238 mg/l, max betagamma 1735
mr/wk, max gamma 315 mr/wk, air concentration max 158 beta dpnvft®,
avg 48 beta dpm/ft>

1-a 41 of the 94 uranium air concentration samples exceeded the MAC
the average is 1.57 cpm/ft>
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Uranium Recovery 1. C-400 1-d Am2417.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep
(solvent extraction) U 3.6E4 dpm/ml, Tc 1.65E5 dpm/ml

l-e 33E-13pCi/ccar TRU

1-a Jan 1956 film badge max 1055 mr/wk, avg 72 mr/wk. Feb 1956
film badge max 395 mr/wk, avg 48 mr/wk. Mar 1956 film badge max
470 mriwk, avg 42 mr/wk. Apr 1956 film badge max 330 mr/wk avg 42

mr/wk
Welding 1. C410 1-i 10 dpm/nT alphafor 320 hours per year
2.C-420 1l-a U bioassay max > 8 mg/l, avg 0.238 mg/|
3.C-720 l-a Max betagamma 1735 mr/wk, max gamma 315 mr/wk, air

concentration max 158 beta dpnv/ft?, avg 48 beta dpm/ft?

l-a 41 of the 94 uraniumair concentration samples exceeded the MAC
the averageis 1.57 cpm/ft>

1,2-a U bioassay 25ng/day, Pu bioassay 1/10 MPL

2-a Np 2.5 dpm/8hr collection, external <10 rad, skin dose 6.5 rad
3-ato 3-a elevated alpha's

12,3-d Am7.2E3 dpm/ml, Pu 5.7E4 dpm/ml, Np 4.52E4 dpm/ml, Dep
U 3.6E4 dpm/ml, Tc 1.65E5 dpnvml

2-i 100 dpm/n? alphafor 180 hours per year, 10 dpm/nt aphafor 150
hours per year

3§ Uranium concentration in urine range from 0 to 13000 pg/l

3-k 880,000 dpm/g with 53% trace, breathing zone analysis 150
dpm/n from trace and 96 dpm/n from uranium

Toll transfer and 1. G360 Le 1980 dpmv100cm TRU removable surface contamination, 2940
sampling building 2 R
dpm/100 cm U removabl e surface contamination
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References:

a

Hedlth Physics Excerpts from Paducah Plant Quarterly Reports
Identifier (sponsor/publisher): Paducah

Author not avalable

Date: July 1, 1952 - May 31, 1959

Hedth Physics and Hygiene Department Procedures

Identifier (ponsor/publisher): Hedth Physics and Hygiene Degpt.
Author not available

Date: September 1962

Effect of Ammonia-Seam Pretreatment of Nickel Oxide and Radionuclide Contaminantsin
Nickel Smelted at C-746

Identifier (sponsor/publisher): PGDP

Author: R. E. Smmons

Date: May 24, 1982

Paducah Gaseous Diffusion Plant (PGDP): Evaluation of transuranic activity levels
Source (publishers or sponsors): Martin Marietta

Author: MB Graves

Date:

Results of the Exposure Assessment for Transuranics at PGDP
April 1, 1991 to May 1, 1992

Identifier (Sponsor/publisher): Martin Marietta Energy Systems, Inc.
Author: Steve Polston

Date: November 23, 1992

Removal of Trace Quantities of Neptunium & Plutonium Fluorides from Uranium Hexafluoride
Identifier (sponsor/publisher): Union Carbide Corp.

Author: H. Pulley, R. L. Harris

Date: May 15, 1975

Estimates of Transuranium Alpha Fed to Paducah Cascade
Identifier (Sponsor/publisher): Union Carbide

Author: R. W. Levin

Date: April 19, 1966

Total Body Counter for Paducah
Identifier (source/publisher): Union Carbide
Author: RA. Winkel

Date: February 16, 1962
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Exposure Assessment - Uranium Recycle Materials in the Paducah Feed Plant
Identifier (Sponsor/publisher): Martin Marietta Energy Systems, Inc.

Author: R. C. Baker

Date: July 23, 1987

Memorandum (Cdl from W. Johnson)

Identifier (sponsor/publisher): Oak Ridge Associated Universities
Author: CC Lushbaugh

Date: March 11, 1986

Health Physics Inspection Report Identifier

Identifier (Sponsor/publisher): Paducah Hedth Physics Department
Author: BE McDouga

Date. March 1962

Effect of Ammonia-Steam Pretreatment of Nickel Oxide and Radionuclide Contaminants in
Nickel Smelted at C-746

Identifier (sponsor/publisher): PGDP

Author: R. E. Smmons

Date: May 24, 1982

Former Worker Medical Surveillance Program at Department of Energy Gaseous Diffusion
Plants

Identifier (gponsor/publisher): Unknown

Authors. Unknown

Date: October 1, 1997

Health Physics Inspection Report

I dentifier (goonsor/publisher): Paducah Hedth Physics Department
Author: KA Davis

Date: November 4, 1976

Memorandum (Cal from W. Johnson)

Identifier (sponsor/publisher): Oak Ridge Associated Universities
Author: CC Lushbaugh

Date: February 5, 1986

Paducah Scrap Metal Contamination Level Before and After Smelting
Identifier (ponsor/publisher): Union Carbide

Author: S. M. Leone

Date: March 29, 1983
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Gaseous Diffusion Plant

Appendix E

Year, Company, Radiological Limits, Building and Jobs

Monitoring Methods and Frequency, Regulatory Manuals Cited, and
Documented Exposures

Y ear Ref* LimiTs Building Monitoring Manuals Cited Documented Exposure
Comp. (Jab)
1952 52-07-01 | 3rad gskin Film badges and Np average over 4 men 2.5
6 rad gwhole urinaysis dpm in urine
body 1 person received exposure
of 5.5 rad to skin
Jan — 52-07-01 | 3.75rad -Film badge Standard Practice
March gquarter monthly for 200 | Procedure Manual
1958 7.5rad gand people quarterly | (plant document)
b/quarter for the remainder
-Pu exposure
assessed by
ORNL indicates
body content
below ;0 MPBB
April 52-07-01 | 3.75rad g Urinalysis NBS Handbook 52 | Ave U content 10ng/L of
—June lquarter urine
1958 7.5rad gand 66% were below average
b /quarter
50 ng of
Uranium/day
July- 52-07-01 | 3.75rad g Urinalysis Max exposure 6.5 to skin
Sept lquarter ave 11ng/L of urine
1958 7.5rad gand
b /quarter
Oct— [ 52-07-01 | 3radg Urinalysis Np 30 MPC for Uranium
Dec 7radgand b Continuous air or equal to MPC for Np (<
1958 monitoring 15% due to Np)
for a activity 66% of urinalysis shows
during Np less than 10 ng/L urine
recovery
Jan— | 52-07-01 | 3rad g/13 Ave. 11ng/L of urine
March week 26 people excreted as much
1959 6radgandb / as 12 but less than 25 ng/L
13 week
April 52-07-01 | 3radg/13 feed plant Film badge AveU
—June week operations reading changed 9 my/L of urine
1959 6radgandb/ from 1 week 75% were below 10 ng/L of
13 week readingsto 1 urine
month 35 people excreted as much
as 12 ng/L of urine
Urinalysis
Air sampling
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Exposure Assessment Project at the Paducah

Gaseous Diffusion Plant

Y ear Ref* LimiTs Building Monitoring Manuals Cited Documented Exposure
Comp. (Jab)
July- 52-07-01 | 3radg Urinalysis AveU
Sept lquarter 7 nmy/L of urine
1959 6radgandb / 80% were below 10 my/L of
quarter urine
18 people excreted as much
as 12 ng/day after exposure
ended
ORNL reports 0.21 dpm for
urinalysis checked for gross
a excluding U
Oct— | 52-07-01 | 3radg/13 Urinalysis 72% were below 10 ng/L of
Dec week 71 dust samples urine
1959 6radgandb / collected for Np 13 people excreted as much
13 week anaysis as 12 but less than 25
Badges changed my/day
from weekly to
monthly cycle
1960 Union Surface: C-310, C-315, | Urinalysis— Standard Practice Yes, gives plant film badge
Carbide Uranium C-400 Monthly Procedure Manual exposure ranges for 1955-
61-09-01 | 2000 (chemica (plant document) 1960
dpm/cm? cleaning,
b.g0.3 janitor, NCRPin NBS
mrad/hr laundry and handbook 69
Air: test loop,
Uranium maintenance), | Urinalysis- every | AEC Manudl,
110 dpm/m® C-410 2 months Chapter 0524,
Pu-239 & (instrument paragraph 02 e
Np-237 10 maintenance,
dpm/m?® feed plant Urinalysis—ever | NBS Handbook 52
Film Badges. | maintenance, | 3 months
g3rad operations,
b-g6 rad janitors), C-
340
(maintenance,
operations)
C-331, 333, Urinalysis—
335, 337 every 4 months
(process
maintenance), | Urinalysis—
C-410 every 6 months
(electrical
maintenance)
C-410 Urinalysis—
(Iaboratory), every 12 months
C-710 or greater
(laboratory
sampling), C- | Film badge for all
720 employees
(Maintenance,
shift
personnel,
Utility crew,
piping and
insulation,
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Appendix E

Year, Company, Radiological Limits, Building and Jobs

Monitoring Methods and Frequency, Regulatory Manuals Cited, and

Documented Exposures

Ref*
Comp.

LimiTs

Building
(Job)

Monitoring

Manuals Cited

Documented Exposure

lubrication,
Welding, Pipe
fabrication,
Sheet metal
shop,
compressor
shop,
converter
shop)

C-310, 315,
331, 333, 335,
337 & 340
(instrument
maintenance)

C-331, 333,
335, 337,
C-720 (roads,
grounds
masonry, &
Cylinder

crew,
carpentry
services, paint
shop)

Other

1962

Union
Carbide
62-09-02

C-340, 400,
410
(operations)

All others

C-310, 315,
340, 400, 410

Film badge
checked every 4
weeks

Film badge —
checked every 12
weeks

Urinalysis—
every 4 weeks

1974-
1978

80-07-01

Invivo
exposure-
max. limit of
5rem

Lung
exposure-
max. limit of
15 rem/year
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Gaseous Diffusion Plant

Appendix F
Worker Exposure Scenarios

Introduction to Worker Occupational Exposure Scenarios

Thisisagenerd overview of the types of occupations or operations and their usua locations (by
building). Of interest are the types of duties that these workers were doing and possible
radiological hazards that may have been involved. Much of the information obtained in these
"scenarios’ was obtained from the worker interview transcripts. The references to specific
transcripts are indicated as, for example, "CO1CD116". These transcripts have been de-identified
(without worker names or socid security numbers).

These scenarios were used with the other data and information to create genera risk categories for
the worker groups and occupations. This "risk mapping” isfound in Table 6.1, in thereport. The
following exposure scenarios (a subset of Table 6.2) are discussed in detall in this gppendix.

INDEX
Operations Workers L ocation
Ash receivers and fluorination Operators and maintenance C-410
Towers mechanics Feed plant
Cylinder hedls Operators, cylinder movers C-410
Feed plant
Cylinder heels cleaning Operators C-410
Feed plant
Derby processing Operators C-340
Metals
Pulverizer operations Operators and maintenance C-400
mechanics
Unplugging and maintaining oxide Operators and maintenance C-420
Conversion equipment mechanics Oxide Conversion
Plant
Cascade maintenance Operators and maintenance C-331, C-333, C-335, C-337
mechanics
Baghouse cleaning Operators C-400, C-410, C-420, C-340
Hydrogenation tower cleaning and Operators and maintenance C-340 Metals
maintenance mechanics
Spray cleaning operations Operators C-400
Flange grinding M aintenance mechanics and C-720
machinists Cascades
Green salt sweeping and Drumming Operators and janitors C-400, C-410, C-420, C-340
Disassembly of compressors and M aintenance mechanics, compressor | C-720
Block valves mechanics
Fluorine cooling tower Carpenter C-340
Carpentry
Baghouse cleaning (cascades) Operators C-331, C-333, C-335, C-337

Instrument maintenance

I nstrument mechanics

Cascades
C-400, C-410, C-420, C-340, C-
310, C-315

Machine Shop Machinists C-720

Electric work Electricians All

Product withdrawal Operators C-310, Product withdrawal
Tails withdrawal Operators C-315, Tailswithdrawal

Crawling the pipes

Operators, welders

C-331, C-333, C-335, C-337
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Worker Exposure Scenarios Gaseous Diffusion Plant
Operations Workers L ocation
Cascades
Midnight negatives Everyone outside the cascades Vicinity of Cascades
Fire suppression Firefighters C-310, C-315, C-720

Operation:  Ash receiversand fluorination towers
Workmen:  Operatorsand maintenance mechanics
Building: C-410, Feed Plant

Summary of operation:

UF4 was converted to UFg in the fluorination tower. The ash or residue was collected at the
bottom into a container cdled the ash receiver.

Potentia for increased radiation exposure:

Potentidly higher from inhaation of dust during changeovers of the ash receivers and various
maintenance operations, especidly if the persond protection equipment was not used. Also,
higher levels of beta and gamma emitters accumulate at the ash recelver resulting in aneed to
restrict the amount of time the workers could work inthisarea.  Othersin the building could aso
be exposad to the ambient dust.

Detalled Description:

The ash handling operation was performed in C-410. The ash recelver was located at the bottom
of the ash tower in asmdl four-foot by four-foot shed (CD116). The ash receiver was clamped
on the ash tower viaaflange, with C-clamps. The ash tower was a~10" diameter pipe which ran
from the basement and was about three stories high (~30 feet)(D02CD105). There were eight
towers. Each one would be placed online for 24 to 36 hours, after which it would be changed out.

UF, and fluorine gas were fed in at the top of the tower. The UF,4 was then converted into UFg
and was withdrawn as the product of Building C-410.

At one or two day intervas, the ash receiver would be changed on one of the towers
(D02CD105). At the changing out of the ash receivers, the operators were given Army assault
masks. They sometimes wore rain suits or might wrap wet towels around their necks to prevent
HF burns.

C-410 was an open building and the ash receiver area was not isolated from the other operations,
which took place in the building. Vacuum hoses were used to remove the ashes and dust during
the ash recalver changeovers. Apparently, there were occas ons when the vacuum hoses were not
adequate. DO2CD 105 reported that there were occasions when the mist resulting from the change
over obscured the men performing the operation. 1n some instances, a haze formed in the top of
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the building. There were times when the resulting dust covered everything in the building
including the lunchroom tables that were located in the control tower.

As stated above, C-410 was an open building. The other employees were given half-mask
respirators and ingtructed to use them when they could see amigt.

D02CD105 shared hearsay information that was passed around the men that the urindysis
callections of the ash handlers were dways taken just before doing a changeover so that they
would show minimum radioactivity. This seemed to be recollection shared by some other
workers.

D02CD105 aso reported that there were occasions when an online ash tower woud develop a
leak before it was due to be taken offline. When this occurred the vapor was permitted to vent
into the building until the cycle was completed.

Another job with ahigh potentid for increased worker radiation exposure was that of unplugging
towers that became blocked due to operator inattentiveness (D01CD116). Thiswas reportedly
done by removing the ash receiver and replacing it with abarrel. The worker would stand under
the tower and besat the plug with asix-foot sted rod. Optimdly, the ash would fdl into the barrel
otherwise; it would be shoveled and swept up off the floor. On some occasions, the worker would
be covered with black soot. It was dso claimed that there were no extra decontamination
procedures after. The worker performing this operation would wear arespirator, but some
reported occasiond leaks through the respirator for unknown reasons.

Additiona References
C01CD116 - Operator, C400, C410
C02CD105 - General worker, C410.

Operation:  Cylinder hedl exposure
Workmen:  Operators, cylinder movers
Buildings: C-410

Summary of operation:

The hedls are the residues that would accumulate in the UFg cylinders used to transport UFg from
the fluorine towers to the input points of the cascades.

Potentia for increased radiation exposure:

The potentid externd radiation exposure due to uranium daughter products and technetium often
reached increased levels such that regulatory limits could be exceeded, depending on time and
proximity of the work with the source.
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Detalled Description:

Continual reuse of cylinders resulted in an accumulation of various insoluble uranium fluoride
compounds that are referred to as "hedls'. Increased levels of gamma and beta radiation occurred
when the tanks were empty because of the loss of the sdf-shidding effects of the uranium. For
safety purposes, the amount of time workers spent in the vicinity of atank was restricted to keep
radiation exposures from exceeding regulatory limits.

Operation:  Cylinder hedls cleaning
Workmen:  Operators
Buildings: C-400

Summary of operation:

As noted above, the cylinder hedd materid was very radioactive. There was a program to
occasondly clean the tanks, exposing the workers to this radiological hazard.

Potentia for increased radiation exposure:

The potentid for radiologica exposure was high. Aerosols were minimized during the process.
The dudge resulting from the process was higher in radioactivity and working with this materid
was time restricted to keep radiation exposures below regulatory limits.

Detailed Description:

The cylinders were flushed out with aliquid solution. The resulting solution was then trested

until it separated into aliquid component and dudge. The liquid component was then anayzed
for radioactivity. If the values were acceptable, it was discharged into the drainage system.
Otherwise, it was reprocessed. The dudge was loaded into barrels for storage. The transuranics,
plutonium and neptunium and aso the fission product, technetium, were dso presarnt in these
meaterias.

Operation:  Derby processing
Workmen:  Operators
Building: C-340, metals

Summary of operation:

Derby processing isamethod of converting UF4 to uranium meta. In the process, large amounts
of UF4 uranium and other dust compounds are released into the air. This operation was hazardous
because of the potentid to ingest or inhae uranium metd.
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Potential for increased radiation exposure:

Could be high, depending on the use and function of the respirators.

Detailed Description:

Derbies were made in ametad mold that was lined with insulating materias and refractory

materid. A mixture of UF, and magnesium was put in the mold, which was seded and then fired
in an induction furnace. The primary problems were spills, which occurred during derby setup
when the insulating materid and the UF, were being loaded. Additiona dust was generated when
the mold was broken open and the derby isremoved. Findly, it was often necessary to manualy
remove defects from the derbies by chisding and grinding.

Operation:  Pulverizer operations
Workmen:  Operatorsand maintenance mechanics
Building: C-400

Summary of operation:

Operators and workers in the surrounding environs were possibly exposed to large quantities
radioactive materiasin the form of aerosols. The main problem was the generation of excessve
dust, both during routine operations and accidenta Stuations.

Potentia for increased radiation exposure:

The potentid for exposures may have been high for both externa, uranium and TRU exposures.

Detalled Description:

The pulverizer was afive-story stack type structure located in the far northeast corner of C-400.
There was an opening a the top into which 55 gallon drums were emptied. The materid wasin
the form of lumps and crushing was not involved. The drums themsalves were picked up with a
forklift and put on a conveyer belt (bucket elevator) where the lids were taken off. They were
then run to the top of the pulverizer where they were dumped into a hopper. From there the
material went into a feeder and a series of shakers where the materia was pulverized. The
pulverizer contained ajaw crusher, which would reduce the size of the particles. The operation
a0 involved a screening process to obtain the correct Sized particles. The product was dumped
into large gray hoppers with dimensions of about 5' x 5' square x 6' tal which had a capacity of 7
tons. They usudly processed about 12 drums a shift. Apparently, the pulverizer was partialy
contained in some type of housing because some workers reported being required to wear a
respirator whenever they went ingde the pulverizer.

An areawith awidth of approximately 150" was kept clear around the pulverizer. In addition,
there was a dust collector for the pulverizer, which was separate from the building ventilation
system. When spills occurred, the area was swept up at the end of the shift, otherwise it was
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swept once aweek or more often if necessary. Floor sweep was used for this operation. UO3 and
UF, were heavy powders, which did not remain airborne for long.

The most common spills occurred when barrels would be accidentally dumped. In such cases,
UF4, the workers report that the material would flow near to the lunchroom area. Another
common problem was the operator losing track of the number of barrelsin the pulverizer and
accidentaly overloading it. When this occurred, there would literaly be an explosion of dust.
Thefilter room contained severd filter cans, which were about 8" in diameter and 18" tal. When
required, the operators would don respirators and empty thefiltersinto drums. This operation
usudly took about an hour. Thismay have been the same as the bag house cleaning in which
case it was done about every six months.

Some of the older operators maintained that the pulverizer was one of the hottest placesin the
plant.

Air sampling was done in the area about the pulverizer. The samplers were postioned to capture
the dust in the vicinity of the pulverizer.

Ash recaivers were stored in C-746 until they had cooled down enough to move to the C-400
pulverizer. Operators wore respirators when they were drumming.

The pulverizer would, on occasion, become plugged and this required that the workers manualy
unplug it with metal rods. There were also some shear pinsin the rotary devices, that when
broken, would require aworker to get inside to replace them.

When spills occurred, the main people affected were two or three operators as well as any
cylinders cleaners who were using the hallway to work in. Otherwise, no one was immediately
involved.

They once had auranium firein or near the pulverizer.

References:.

D01CDO061
D01CDO002
D01CD116
D03CD137
D03CD133
D07CD007
D07CD036
D24CD045
D24CD129
D25CD128
D14CD102
D14CDO010
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D15CDO058
D16CD122
D16CDA42

D19CD130
D12CD035
D13CD090
D13CD052

Operation:  Unplugging and maintaining oxide conver son equipment
Workman:  Operators and maintenance mechanics
Building: C-420, Oxide Conversion Plant

Summary of operation:

The equipment for converting UOs3 to UF, included fluidizing beds, conveyers, stacks and
hoppers that were subject to breakdown, jamming and spills. When this happened the workers
were subjected to excessive dust exposures.

Potential for increased radiation exposure:

High for inhdation, especidly if respirators were not used. The potentid waslessthan in C-410
because radioactive materids did not accumulate in the oxide conversion process.

Detailed Description:
UO3 was converted to UF4 usng fluidizing bed technology. There were severd points where the

system was subject to breakdown or jamming. When this happened, the workmen were exposed
to excessve dust.

Operation:  Maintaining cascade equipment (normal oper ations)
Workmen:  Operatorsand maintenance mechanics
Building: C-331, C-333, C-335, C-337

Summary of operation:

UFs releases when the cascades were opened for normal upkeep and repairs.

Potential for increased radiation exposure:

Could be high under some circumstances.
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Detailed Description:

Under norma operating conditions, the processing plant presented alower potentia for worker
radiation exposure than did C-400, C-410, C-420 and C-340. The mgor reason for this was that
mogt of the piping in the cascades was under negetive pressure which meant that leaks resulted in
amospheric ar being drawn into the piping rather than loss of UFg into the ambient environment.

On occasion, the process lines were opened up to service or replace compressors or block valves.
When this happened a negative reading for UFs gas was supposed to be obtained before the lines
were opened. For various reasons, production schedules, technical problems, etc., this was not
aways done and there would be arelease of UFs gas when the system was opened. Even when
the system was clear, residual UF¢ gas in the micropores of the piping would react with moisture
in the air to form a uranyl fluoride coating on the pipe surface (see pipe crawling below).

Excessive inhdtion of the materias could occur because of the release and residual compounds,
which were present when the work was done.

This Situation was aggravated by the common practice of having workers crawl insde the pipesto

remove debris and do mechanical work.

Operation:  Baghouse cleaning for C-400, C-410, C-420 and C-340
Workmen:  Operators
Buildings:  C-400, C-410, C420, C-340

Summary of operation:

The baghouses contained the filters for the air cleaning system for the buildings. The primary
function was to remove radioactive materids. At periodic intervals they needed to be cleaned.
Thiswas avery dusty job where the use of respirators was mandated.

Potential for increased radiation exposure:

High for inhaation.

Detailed Description:

Baghouses are rooms where thefilters are located for removing radioactive materias from the air
in buildingswhereit is present. It isasmall room where the filters are periodicaly removed and
the gpparatusis cleaned. Copious quantities of dust are generated. Baghouse cleaning is the one
job where respirators were mandated and not |eft to the discretion of the workman. The reason
why the above buildings presented a greater potentia for increased radiation exposure to the
workers than the cascades was the presence of transuranics and fisson productsin the air of those
buildings.
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Operation:  Cleaning and maintaining the hydrogenation towers
Workers: Operatorsand maintenance mechanics
Building: C-340, Metals Building

Summary of operation:

The conversion of depleted UFs gas to UF4 was done with towers where the UFg was mixed with
hydrogen gas. Aswith the other towers at PGDP, the hydrogenation towers would plug up and/or
require general maintenance. When this happened, the system would be opened up and dust
clouds could be generated.

Potentid for increased radiation exposure:

Probably moderate.

Detailed Description:

This was another one of the many dusty operations at PGDP. The dust was relaivey benign
compared to that from say the feed plant, because it likely did not contain increased
concentrations of transuranics.

Operation:  Removing radioactive materials from equipment parts by spraying
Workmen:  Operators
Building: C-400

Summary of operation:

Operators were exposed to unknown quantities of internd and external emitters. Themain
problems were from cleaning the transfer cylinders, ash receivers, hoppers and some components
of the UF, conversion sysem. They were dso exposed to nitric, sulfuric and chromic acid,
trichloroethylene and soda ash. Findly, there was a certain amount of exposure to various
fluoride compounds, particularly during the cascade upgrade programs.

Potentia for increased radiation exposure:

May have been high.
Description:

The spray booth area encompassed a number of operations. The obvious one was apparently a
large well ventilated hood, where equipment items which were brought in, were sprayed to
remove grease and oxides. There were apparently severa spraying apparatus available, of which
the most important ones were trichloroethylene, 2% sulfuric or nitric acid or adilute soda
solution. The itemsto be cleaned were placed in the spray booth and then treated with a high-
pressure spray. |If this was not adequate, then the operator would be required to scrape or brush
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down the item to remove the deposit. One woman reported that the acid fumes from this
operation would get S0 high that they would dissolve the nylons that she wore.

Respirators were apparently required, but one worker reported that his peers made fun of him
because he was conscientious about wearing his. The woman mentioned above stated that the
respirators used were the paper masks used in surgery operations.

Associated with the spray booth were tables where smdll items would be placed for hand
cleaning. Therewasaso an areain front of the building where large items were dumped until
they quit giving off gases or the spray booth personnd were ready to process them.

Another item associated with the spray booth was a number of vats containing various solutions,
which equipment components would be placed in for soaking off difficult to remove detritus.
Chromic and sulfuric acid were used in some of these vats. One of the more interesting jobs
performed in the soray booth was the dismantling of the ion exchange columns which had been
used apparently for isolating neptunium and technetium. The ash receivers from C-410 would be
sent over. Since this was often off gassing and smoking, they would be placed in alarge receiver
that had a big vacuum on one end of it. The ash receiverswould then be cleaned in the spray
booth. They aso cleaned the UF,4 hoppers from C-410.

A fina aspect of this particular job is that the personnd who handled this areawere on cdll to
clean up spills, wash out items of equipment and piping, remove green sdt from flanges, etc.,
which were too large or immobile to move to C-400. The requirement for this job wasto be able
to get your arm in and be able to see what was being cleaned. An air supply was provided if the
end of the pipe was closed. If both ends were open, ambient ventilation was considered to be
adequate. The dirty water from these operations was emptied into the spray booth.

The spray solutions were periodicaly tested for some unknown parameters. When the solutions
reached a certain leve, they were drained and replaced with fresh spray solution. The dirty
solution was run through a dissolver process. Thiswas arotary filter with avacuum unit. Some
chemicas were mixed in which would result in the formation of acake. The slvaged uranium
would then be placed in drums. The liquid would tested for pH and uranium content. If it was
within acceptable limits, then it would be runinto aditch. If not, it was run through the process

again.

In addition to the main spray booth in C-400, smaler spray booths were located in C-409 and
C-720. Theonein C-720 was probably used mainly to remove grease and other dirt from
compressor parts athough, on occason it may have be used for oxide remova. The spray booth
in C-409 was used in the initid stages of tearing down converters. The waste from this soray
booth was piped over to C400 for remova of uranium oxides. It isnot clear, but apparently the
C-409 spray booth was operated by C-400 personnd.

Items of interest include the claim by one worker that most of the time the concentrated acids
were not diluted. This claim appears to be fantastic and probably not true.
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Training for the spray booth consisted of having an experienced worker show the initiate how to
do thejob and then telling him to call him if any problems developed. Nothing formd was sad
about the potentials for increased radiation exposure.

References:

D01CD116. Laborer. 746A, 400, 410. 1955-1992.

D03CDO029. Chemicd operator. 400, 409. 1975-1978.

D03CD133. Unknown. Unknown. 1975.

D04CDO055. Chemical operator. 400. 1953-1968.

DO07CDO007. Chemical operator, Eng. Assist. 400, cascades, 720. 1975-.
D07CDQ027. Power and utilities. 400, al. 1953-1979.

D24CD045. Chemical operator, Supervisor. 410, 340, 400. 1987-.
D14CDO010. Maintenance. Unknown. 1972-.

D15CD138. Technician, Waste Manager. 400, cascade upgrade. 1981-.
D16CD122. Supervisor. Unknown. 1976-.

D10CDO033. Feed operator. 410, 400, 340. 1952-.

D12CDO035. Error.

D13CD052. Chemical operator. 400, 335, 410. 1952.

Operation:  Flangegrinding

Workers: M aintenance mechanics and machinists

Buildings: Cascades, C-720

Summary of operation:

Contaminated materid would build up on various joints which was removed by grinding, ether in
Stu or a the machine shop

Potential for increased radiation exposure:

Probably moderate, especialy since it was a short-term job that wasn't done very often.

Detalled Description:

UF,4 and other materials would build up on surfaces and would have to be removed during
maintenance and repairs.
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Operation:  Green salt sweeping and drumming
Workers: Operatorsand janitors
Buildings:  C-400, C-410, C-420, C-340

Summary of operation:

Cleanup of spillsthat occurred.

Potentia for increased radiation exposure:

Probably moderate.

Detalled Description:

Accidenta spills of green salt were quite common in the above buildings. When they occurred,

the materia would be swept up and shoveled into barrows. Vacuum cleaners were supposed to be
used but gpparently this usudly wasn't the done. On some occasions, such as when barrels were
spilled a the pulverizer, the dust was thick enough that it was Smply shoveled. Respirators were
supposed to be used but compliance was inconsistent.

Operation:  Disassembly of compressor s and block valves
Workmen:  Maintenance mechanics, compressor mechanics
Buildings:  Cascades, C-720

Summary of operation

Quite frequently, there would be a UFs gas release when compressors or block valves were being
disassembled.

Potential for increased radiation exposure;

Possibly moderate for the mechanics, less so for workers in the adjacent aress.

Detailed Description:

Whenever work was done on compressors or block valves, they were supposed to be vented first.
This may have aways happen and some releases may have occurred when they were being
disassembled, elther in Stu or in the shops. The compressor shop was in on end of Building
C-720. ltsfird leve wasin apit while the room was severd stories high. In extreme cases, a
vapor cloud would envelop the maintenance mechanics so that they were hidden from view and
would rise for severa gtories after which it would diffuse out into the remainder of the building

that was the machine shop. The furthest the dust is reported to have reached was the center of the
building where the supervisory offices were located.
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Apparently, the compressor mechanics usudly wore respirators when opening compressors for
thefirst time. This minimized the potential for exposure to them. Other people working in the
building would see the release and would immediately move to the opposite end of the building
until the dust settled.

Operation:  Fluorine cooling tower car pentry
Workmen:  Carpenters
Building: C-340

Summary of operation:

On at least one occasion the carpenters were called in to tear down and replace the wooden
portions of the fluorine cooling tower which was apparently covered with radioactive dust.

Potentia for increased radiation exposure:

Possbly moderate a time of exposure. Minima in the long run because this type of job wouldn't
need to be done very often.

Detailed Description

Few details on this operation were found.
References.

Phase | report summary table

Operation:  Baghouse cleaning for cascades, C-310, C-315
Workmen:  Operators
Buildings:  C-331, C-333, C-335, C-337

Summary of operation:

This operation was the same as that for C-400, C-410, C-420 and C-340. The mgor differences
were there was likely lessrisk of exposure to transuranics and the volume of dust would have
been consderably less.

Potential for increased radiation exposure:

Probably moderate.

Detailed Description:

The same asfor C-400, C-410, C-420 and C-340.
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Operation:  Instrument maintenance
Workmen: I nstrument mechanics

Buildings:  Cascades, C-400, C-410, C-420, C-340, C-310, C-315

Summary of operation:

Releases of trapped gas were a frequent occurrence while maintaining instruments.

Potentia for increased radiation exposures.

Probably moderate or perhaps high, depending on location and specific equipment.

Detalled Description:

There were frequent gas rel eases from ingruments being serviced.

Operation:  Machine Shop
Workers: Machinists
Building: C-720

Summary of operation:

There were a number of operations performed in or adjacent to the machine shop that had
potentia for contaminating the machinigts.

Potentia for increased radiation exposure:

Probably low.

Detailed Description:

There were occasions on which the personned in the machine shop were exposed to radioactive
materids. The most dramatic example was possible exposure during releases of UFg that
occasionaly occurred in the compressor pit (see disassembly of compressors and block vaves
above). When this happened, there would be uranyl fluoride falout in the adjacent machine shop
areas. Exposure was probably minimal due to the practice of the machinists moving to the
opposite end of the machine shop when releases occurred.

There was one known exception to this practice which occurred when a machine shop supervisor
ordered his workers back to work after calling the hedth physicist, who assured him over the
phone that the dust was harmless.

Another potentia for exposure was due to machining depleted uranium in the machine shop.
Exposure from this source was probably minima because of the need to keep the uranium cool
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with lubricating oil to prevent magnesum type fires. Findly, there was potentia exposure to dust
when radioactive deposits were removed from equipment components by grinding.

A cavedt that needs to be emphasized here is that machine shops are clean places. Dust would not
be allowed to accumulate because of potentid damage to the machine shop equipment.

Operation:  Electrical work
Workmen:  Electricians
Buildings:  All

Summary of operation:

On occasion, dectricians were exposed to excessive amounts of dust.

Potentia for increased radiation exposure:

Probably low unless they were working in areas that contained TRUs in the dust or equipment.

Detailed Description:

There were occas ons where el ectricians were exposed to excessive amounts of dust while
working in dirty places. Thiswas particularly so when they blew dust off of equipment so that
they could work on it. Some wipe testsin some locations do show excessively high amounts of
TRUs.

Operation:  Product withdrawal during normal operations
Workmen:  Operators
Building: C-310, Product Withdrawal Building

Summary of operation:

Thisis where enriched UFg product was removed from the cascade in the form of UFg gas and put
into cylindersfor transport (97-10-01). Potentia radiation exposures were due to puffs of gas that
sometimes occurred when the connection between the cylinders and the UF¢ pipeline were broken
without adequate purging. Also, there were at least three instances where coupling between the
cylinder and the gas line was broken, releasing large amounts of gas into the atmosphere (81-03-

01). Primary exposures were uranium (UO,F,) and *°Tc. Some previous hazard mapping

reported these were medium and low exposures (97-10-01). The workforce consisted of operators
(3-7/shift), maintenance mechanics (4/shift), ingrument mechanics (2/shift), dectricians (2/shift)

and foremen (4/shift) (97-10-01) or 1-3 persons with a crane operator on cal should crane
operaionsinvolving heavy equipment be required (81-03-01).
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Potential for increased radiation exposure:

There may have been increased potentia for exposures to TRUs when compared, for example, to
building C-315. One report indicated about 20 dpm/m3 from individual puffs based on testsrun
by environmental committee. Maximum alowable is 200 dpm/nt. When there were large spills,
the premises were evacuated. The release of HF posed a serious potentia for chemica exposure,
asitisavery srong and caudtic acid. The amount of UO, that would be incorporated would
likely be very smdl because of the acid. Essentidly, for every molecule of UO;F; released into
the atmosphere, there were four molecules of HF. The HF was enough to seeto it that everyone
|eft the premises immediately.

Detailed Description:

Thefollowing materid was largely excerpted from Ref. 81003-01. The C-310 Product
Withdrawa Building was approximately 53 x 30 feet in Sze and contained two roll-up doors, one
employee access door and double doors to the storage room. The building was equipped to
handle two 10 to 14 ton cylinders a a given time (Fig. F-1).

Old
2-1/2 Ton Position

e H:|:” = Cart Track

Product<] Cylinders

Door to Line F‘|:| :H —

Operating Floor I p|i gtail Roll Doors

Storage
Room

i
I —

—

Figure F-1. Schematic diagram of Building C-310 Product Withdrawal Area.

See Appendix C for adetailed description of the operations performed in these buildings. There
were two conditions under which UFg was released into the air. (1) A puff of UFs was
experienced during the norma disconnect process, i.e., disconnecting the pigtail from the cylinder
following the purge procedure. The puff occurred in those cases where the pigtail had been
inadequately purged. (2) Large releases occurred when the pigtail line broke loose from the
cylinder, for example, when the cylinder was moved before the pigtail was disconnected. Such
releases occurred at least three times during the 1950's and 1960'2. When they occurred, the
premises were immediately evacuated and remedid work was done by individuas in combat
masks. Obvioudy, such spills were catastrophically expensve and were not ignored by

managemen.

When exposed to air, UFg forms one molecule of uranyl fluoride and four molecules of HF gas.
Worker protection from uranyl fluoride was fdt to be the overriding consderation; to assure
comfort aswell as protection for the smal puff case, haf-face respirators were specified and
required. It appears, however, that use of such repirators was generdly |eft to the discretion of
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the workers. In the case of large releases, full-face respirators equipped with canisters were
reedily available and required.

References:
# 81-03-01

Title Investigation of the Radiologicd Safety Concerns and Medicd Higtory of the late Joseph
T. Harding, Former Employee of the Paducah Gaseous Diffuson Plant

Sponsor/publisher: Acting Assistant Secretary for EPS and Emergency Preparedness

Author: E. J. Vdlario, H. R. Wolfe M.D.

Date: March 1981

#. 97-10-01
Title Former Worker Medical Survelllance Program a Department of Energy Gaseous Diffusion
Plants, October 1, 1997

Operation:  Tailswithdrawal during normal operations
Workmen:  Operators
Building: C-315, TailsWithdrawal Building

Summary of operation:

Thisiswhere the depleted UFs tails were removed from the cascade in the form of UFs gas and
put into cylinders for transport (97-10-01). Potentia radiation exposures were due to puffs of gas
which sometimes occurred when the connection between the cylinders and the UF¢ pipeline were
broken without adequate purging. Also, there were at least three instances (C-310 and C-315)
where coupling between the cylinder and the gas line was broken, releasing large amounts of gas
into the atmosphere (81-03-01). Primary exposures were uranium (UO2F,). Previous hazard
mapping reported these were high exposures (97-10-01). The workforce consisted of operators
(2-3/shift), maintenance mechanics (4/shift), dectricians (2/shift), janitor (1/shift) and foremen
(4/shift) (97-10-01) or 1-3 persons with a crane operator on call should crane operations involving
heavy equipment be required (81-03-01).

Potential for increased radiation exposure:

Because depleted UF¢ contained very low levels of TRUS, the potential for exposure was lower
than for Building C-310.

Sincethetails could contain higher levels of transuranics than the product, this process would
have a higher exposure potential.
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Detailed Description:

See Appendix C for a detailed description of this building. The same generd conditions applied
here asfor building C-310, except that the levels of TRUs were probably low.

The following materid was largely excerpted from Ref. 81-03-01. Much of it is repeated in the
document for the Product Withdrawa Building.

The C-315 Tails Withdrawa Building was gpproximately 53 x 30 feet in size and contained four
cart tracks and product equipment to accommodate four 10 to 14 ton cylinders. Four roll-up
doors were located in the east wal to permit the entry and exit of the cylinders (Fig. F-2). The
west wall contained doors to the pump room and control room. Thus, there were Six penetrations
(doors) affecting ar current flow in the building.

Pump Room Door [LE:H — Cart Track
Product Line~" H Cart Track
m . |—=|| = Cart Trac
Pigtail
Door to E:H — Cart Track
Control RDDL [] E:H — Cart Track

Figure F-2. Schematic diagram of Building C-315 Tails Withdrawal Area.

The operationsin Buildings C-310 and C-315 were quite Smilar. The mgor difference for our
purposes was that the concentrations of transuranics are higher in the withdrawd tails from C-315
than from the withdrawa product from C-310 and hence, presented a higher potentia for
exposure.

The liquefaction was accomplished by compression of the UFg flowing to the building from the
enrichment operation (Buildings C-331, C-333, C-335, C-337) a a pressure which the UFs gas
could be liquefied. After condenang, the liquid was dlowed to flow into the cylinders. The
product was drained as aliquid into the multi-ton cylinders through a copper tube referred to asa
pigtail (note the drawing above). When the cylinder was filled to its capacity, the cylinder and
drain vaves were closed and the pigtall was evacuated and purged. The pigtail was then
disconnected at the cylinder valve. Figures showing the pigtail and agas cylinder mounted on a
track cart can be seen in #81-03-01.

The C-315 Building began operation in early 1953. At that time, the ventilating system provided
approximately 800 cubic feet/minute (CFM) exhaust in three registers near the floor along the
west wall and 400 CFM of supply discharged about 9 feet above the floor from four registers.
Other make up air entered from the control room and through an opening in the east wall. The
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system was modified two months later by extending the loca exhaust ducts to hood ingtdled
above the pigtail connections.

The building was normaly manned by 1- 3 persons with a crane operator on call should cylinder
transfer involving crane movements be required. The workers were responsible for completing
equipment checks, logging equipment data, preparing cylindersfor filling, disconnecting and
weighing the full cylinders, transferring cylinders, and maintaining cylinder records.

Building C-315 was basicaly the same (1980) structuraly asit wasin the 1950's. However,
equipment changes have been made over the intervening years that make it difficult to determine
safety conditionsin the 1950's by evauating practices used today. The most significant changes
include: (1) changesto the purging system to enhance efficiency which minimizesthe " puff"

during the disconnect procedure; (2) the ingtdlation of an "interlock™ system to prevent the
withdrawal of the cylinder before the pigtail has been disconnected. In the early 1950's before the
interlock system was ingtaled, at least three mgor releases resulted from cylinders being
withdrawn while still connected to the pigtail.

An experiment was conducted (1981) to emulate the conditions that existed in the 1950's. The
reader is referred to #81-03-01 for the details of how this was the done.

From the above, it can be seen that there were two conditions under which UFg was released into
thear. (1) A puff of UFs was experienced during the norma disconnect process, i.e,
disconnecting the pigtail from the cylinder following the purge procedure. The puff occurred in
those cases where the pigtail had been inadequately purged. (2) Large releases occurred when
the pigtail line broke loose from the cylinder, for example, when the cylinder was moved before
the pigtail was disconnected. Such releases occurred at least three times during the 1950's and
19602. When they occurred, the premises were immediately evacuated and remedia work was
done by individuadsin combat masks.

Worker protection from uranyl fluoride was fdlt to be the overriding consideration; to assure
comfort aswell as protection for the smal puff case, haf-face respirators were specified and
required. It appears, however, that use of such respirators was generally |eft to the discretion of
the workers. In the case of large releases, full-face respirators equipped with canisters were
reaedily available and required.

References:
# 81-03-01

Title Investigation of the Radiological Safety Concerns and Medicd Higtory of the late Joseph
T. Harding, Former Employee of the Paducah Gaseous Diffusion Plant

Identifier (sponsor/publisher): Acting Assistant Secretary for EPS and Emergency Preparedness
Authors. E. J. Vdlario, H. R. Wolfe M.D.

Date: March 1981
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#. 97-10-01
Title: Former Worker Medica Surveillance Program at Department of Energy Gaseous Diffusion
Plants, October 1, 1997

Operation:  Crawling the pipes
Workmen:  Operators, welders
Buildings: C-331, C-333, C-335, C-337 (cascade buildings)

Summary of operation:

The cascades were a series of stages, each of which consisted of a converter, a comgrr, pipes,
valves and related equipment. The converters were used to increase the amount of 2*°U present in
UFs gas that was fed into the system.  Since the system was under negative pressure, the potentia
for increased radiation exposure was usudly negligible except for any dust that got into the air

and any exposure recaived by operators and maintenance mechanics while removing equipment
from the cascades and crawling the pipes to make sure they are clean. Crawling the pipeswas
done during repair and maintenance operations, call replacement and the cascade upgrade
programs. The problem with pipe crawling was the formation of a uranyl fluoride powder on the
indde surfaces of the cells shortly after the cell was opened and exposed to moisture in the
atmosphere.

Potentia for increased radiation exposure:

There was a potentia for exposures, depending if aerosols were created and if the use of
respirators was adequate. There may have been some potential for exposures to betas and
gammeas.

Detalled Description:

See Appendix C for adetailed description of these buildings.

The basic component of a cascade cell was asingle converter (Fig. F-3). It conssted of a
cylindrica tank (2 9zes) with an input line and two output lines. The enriched output line
contained a product that had adightly greater content of 23°U than the input line, while the
depleted output line had a dightly lower concentration. By hooking a series of converters
together, it was possible to get an output containing about 3% 2*°U compared to about 0.5% 2*°U
Sarter materid.

F-20



Exposure Assessment Project at the Paducah Appendix F
Gaseous Diffusion Plant Worker Exposure Scenarios

Coolant output Cooling

Input to stagel jacket Enriched
Converter :l output
'i  |Depleted
:Io—l_ Coolant input output
‘l'L Input from enriched output{previous st.)
Compressor Input from depleted output (following st.)

Figure F-3. Schematic layout of a cascade converter or cell with associated compressor. The
control vaves are not shown.

Thefront end of the converter consisted of a cooling jacket composed of coils through which
cooling gas (freon) was continuoudy fed to reduce the temperature of the UF¢ prior to entering
the converter proper. The working component of the converter was a porous, nicke tube through
which 23°U would diffuse dightly faster than could 228U.

UFs at room temperature isasolid. It sublimates at 53 deg C to form agas. Hest isrequired to
keep it in agaseous state. The pressure of the UFg gasisincreased prior to entry into the
converter by alarge compressor. This compressor has two input lines and one output line. The
output line goes directly to the converter. One of the input lines contains enriched output from
the previous converter. The other input line contains depleted output from the next converter in
the series. This pipe had a diameter of 42 inches and was large enough to crawl in.

Not shown in the figure are a number of shutoff valves that were used to control flow into and out
of the converter. The compressor was connected to the lines by welded flange joints. On long
lines, there were access holes (the reference stated "cut a hole in the side of the pipe”) which
could be opened to alow worker access. Access could also be achieved by removing sections of

pipe.

The enrichment process is done by arranging several hundred convertersinto a cascade. Fig. F-4
isagmplified drawing of afive unit cascade. Note that the depleted output of each cascade
reenters the system through one of the input pipes of the compressor of the previous converter.
The Paducah Plant had severd thousand converters housed in four buildings, C-331, C-333,
C-335 and C-337. Product withdrawd was done in Building C-310 while tails withdrawa
occurred in Building 315. Mgor fires occurred in Buildings C-337 and C-310.

Product
withdrawal
Tails
withdrawal

Figure F-4. Schematic layout of a cascade consisting of 5 converters.
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The requirements for maintenance and repair of the cascade components necessitated that sections
of the cascade be taken offline so that they can be opened up and worked upon. For this reason,
there were bypass lines throughout the system.

There were severd reasons why sections of the cascade would be shut down and disassembled for
repar. Theseincluded:

1. Compressor deblading.

2. Maintenance.

3. Converter replacement during the cascade upgrade programs.

In the first case, which was apparently the most common, the blades on a compressor would
disntegrate as aresult of prolonged usage without periodic replacement. When this happened,
the compressor would be removed from service and a man would be sent down the pipes to
remove any debris that might be present. According to DO9CDO059, this operation required about
20 minutes and needed to be done about four times ayear (severd month intervals) for the
building he worked in. He did it about once ayear. Thiswould mean that deblading was done
approximately sixteen timesayear if dl of the cascade buildings were considered.

During the 1970's upgrade program, the system was opened and it was probable that a
considerable amount of pipe crawling was done at that time (CD052). As part of the upgrade
program, baffles would be welded insde of the pipesto shield the expansion joints (CDO10,
CD029).

The procedure for working on the converters, compressors and associated pipes was
approximately asfollows. Fird of dl, the section of converters to which the affected unit
belonged would be bypassed (there is a description of one case where thiswasn't done). The
system would then be shut down and purged of UFs. Eventudly a practice caled sweeping out
the UFs was initiated (CD41, CD59). The system would then be sampled to ensure that it was
clean after which the maintenance workers would cut the comjpressor out or cut open an access
shuttle in the pipe. Thiswas apparently done with cutting torches by the welders. The operators
(CD153, CD154, CED110) did the actud pipe crawling in the early days.

Regarding safety equipment, the operators would wear coverdls. Other items which may not
have been used in the beginning was to wrap exposed skin with towels and gpply an ointment
(FEND) asabarrier againgt HF. The cuffs and deeves would be taped (CD038). The ointment
was messy and may not have been used much. Other items were safety shoes (possibly used with
acover) and askullcap (CD153, CD154). Respirators were recommended, but often not used
(CD10, CD29, CD58), especidly if the worker was only going to be in the pipe for ashort time.
The origind respirator was an army combat mask that most workers knew how to use because
they had been in the military.

Over the years, the protective equipment evolved until nowadays, the worker dons a specia pair
of coverdls and has arespirator with its own air supply (CD28, CD38). A safety rope was put
around the workers waist so that he could be hauled back if there were difficulties (CD087, 059).
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After the worker completed the pipe crawling task, his cloths would be covered with agray dust
(CDO058). The worker usudly went to the locker room, changed clothes, took a shower, don clean
clothes and return to work. If the worker didn't get very dirty, this might be skipped (CD038).
Thereisno mention of urindyss being done after crawling the pipes.

References:
The Gaseous Diffusion Process, DOE Report #0ORO-684.

D03CD29

D04CDO047
D06CD132
D07CD032
D08CDO095
D09CD028
D09CD059
D12CDO035
D12CD051
D12CD097
D15CDO058
D18CD087
D20CD110
D20CD121
D23CD041
D24CD038
D26CD154
D27CD153
D27CD151

Operation:  Midnight negatives
Workmen:  Everyone outside the cascade buildings
Buildings.  Air content in the vicinity of the cascade buildings

Summary of operation:

The practice of using the building arr lines to flush the contents of a cdll into the outsde
amosphere viathe exhaust stacks of the cascade buildings. The objective was to get a negative
reading for UFs gas o that the workers could perform maintenance work.

Potential for increased radiation exposure:

Probably low for the workers involved, but it did vent UFg into the surrounding area. Worker
transcript D25CD 143 estimated that 10 to 50 pounds of UFg would be vented into the atmosphere
for each incident.
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Detailed Description:

The procedure for getting a negative reading on a cascade cdl was to shut off the intake vave
into the cdll and pump as much of its contents as possible into the cascade via the output line.
Once this had been done, the cell would be isolated and filled with dry nitrogen under pressure.
This gpparently was apparently vented into alarge surge tank. The process would be repeated at
least twice. Where the contents went from this point was not stated.

Sometimes this system would not obtain a negative and the plant air system was used for the find
venting. In this method, the plant air system would be used to create a vacuum in the tank and the
contents would be sucked out, mixed with the air and vented through the stacks. The system was
gpparently comparable to using an aspirator on awaeter lineto suction air from suction flasksin a
chemisgtry laboratory. Since the system created a noticeable mist that was readily visible during
the daytime, the practice was only done & night.

This procedure was legitimately used for HF sweeps after the cdll was empty to remove resdud
ges. Inthiscasethe air would be clean.

The practice was most common during the years 1980 to 1985 when there was pressure for
maximum production. It was gpparently not very common, particularly since it was completely
againg the rules and had to be done without the high level managers knowing about it. Some
hdf-a-dozen interviewees were asked about the practice and replied that they didn't know
anything about it.

References:

D27CD153
D26CD148
D25CD143
D12CD051

Operation:  Firesuppression

Workmen:  All. In at least one casg, firefighters from surrounding communities wer e also
involved.

Buildings:  C-310, C-315, C-720

Summary of operation:

Over the years, there have been anumber of firesat PGDP. In &t least one casg, firefighters from
surrounding communities participated [CDO70).

Potentia for increased radiation exposure:

Unknown
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Detalled Description:

No information was obtained on these incidents
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Estimated dose results using ICRP 68 DCFs for particle sizes of 14 and 541 AMAD
See Section 7.5 for dose calculation methodology.

Effective Dose FGR, No.11 1 pAMAD 5 uAMAD FGR, No.11 1 AMAD 5 uAMAD
CEDEin a ICRP68EIn ICRP68EIin |CEDEIna ICRP68Ein ICRP68Ein
Hypothetical Worker Exposures to |year rem ayearrem ayearrem |yearrem ayearrem ayearrem
Np-237, Pu-239, Th-230 and U
Based on Average Air Concentrations Based on Maximum Air Concentrations
Control Room, C-410 0.09 0.05 0.03 0.46 0.24 0.16
Green Salt Plant, C-420 0.12 0.17 0.11 1.62 2.24 1.45
Cold Trap 0.10 0.05 0.04 0.50 0.27 0.18
Fluorination Tower, C-410 0.47 0.21 0.15 5.90 2.66 1.86
Powder Handling, C-410, C-420 0.58 0.17 0.13 9.37 2.80 211
Ash Receivers 0.56 0.24 0.17 10.85 4.60 3.18
Total 1.92 0.90 0.63 28.70 12.81 8.95
Pulverizer 0.24 0.10 0.07 8.68 3.68 254
Converter Salvage Line, C-400 8.20 1.45 1.04 91.93 15.52 11.12
Total 8.44 1.55 111 100.61 19.20 13.66
Converter Maintenance 0.73 0.11 0.08 7.33 1.08 0.78
Lung FGR,No.1l 1pAMAD 5pAMAD [FGR,No.l1 1uAMAD  5uAMAD
CDE in ayear ICRP 68 Hin ICRP 68 H in [CDE in ayear ICRP 68 H in ICRP 68 H;in
Hypothetical Worker Exposures to [rem ayearrem ayearrem |rem ayearrem ayearrem
Np-237, Pu-239, Th-230 and U
Based on Average Air Concentrations Based on Maximum Air Concentrations
Control Room, C-410 0.11 0.16 0.11 0.54 0.80 0.53
Green Salt Plant, C-420 1.09 1.59 1.04 14.12 20.64 13.52
Cold Trap 0.14 0.21 0.14 0.72 1.07 0.70
Fluorination Tower, C-410 0.28 0.42 0.28 3.45 521 3.50
Powder Handling, C-410, C-420 5.69 1.68 0.99 92.51 27.27 16.14
Ash Receivers 0.18 0.28 0.19 2.09 3.43 2.32
Total 7.49 4.34 2.75 113.42 58.43 36.72
Pulverizer 0.08 0.12 0.08 1.67 2.74 1.86
Converter Salvage Line, C-400 0.97 1.56 1.04 10.70 17.24 11.37
Total 1.05 1.68 1.12 12.38 19.99 13.23
Converter Maintenance 0.08 0.13 0.09 0.82 1.32 0.87
Bone Surface FGR, No.11 1 pAMAD 5 uAMAD FGR, No.11 1 AMAD 5 uAMAD
CDE in ayear ICRP 68 Hin ICRP 68 H in [CDE in a year ICRP 68 Hin ICRP 68 H;in
Hypothetical Worker Exposures to [rem ayearrem ayearrem |rem ayearrem ayearrem
Np-237, Pu-239, Th-230 and U
Based on Average Air Concentrations Based on Maximum Air Concentrations
Control Room, C-410 1.62 1.20 0.81 8.09 6.00 4.03
Green Salt Plant, C-420 0.27 0.26 0.19 3.48 3.34 241
Cold Trap 1.68 1.26 0.85 8.40 6.28 4.23
Fluorination Tower, C-410 8.62 6.40 4.30 107.81 79.96 53.79
Powder Handling, C-410, C-420 0.14 0.14 0.10 2.32 2.23 161
Ash Receivers 11.42 9.63 6.51 225.98 192.56 130.12
Total 23.75 18.88 12.75 356.08 290.37 196.19
Pulverizer 4.88 4.12 2.78 180.78 154.05 104.10
Converter Salvage Line, C-400 182.76 65.85 45.28 2057.56 719.31 495.14
Total 187.64 69.97 48.06 2238.34 873.36 599.24
Converter Maintenance 16.37 4.87 3.36 163.66 48.68 33.63




